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Fig. 1.—General spectrum of the corona. Single prism. Top W 
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Fic, 2.—Spectrum of inner corona, Three prisms. Top E 
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Fic. 3.—Hg@ ring and green coronium ring. Top N 
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Fic. 4.—Prominences and inner corona 


with 39-foot camera. 
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THE SPECTRUM OF THE CORONA AS OBSERVED BY 
THE EXPEDITION FROM THE LOWELL OBSERVA- 
TORY AT THE TOTAL ECLIPSE OF JUNE 8, 1918 
By V. M. SLIPHER 


ABSTRACT 


Spectrum of corona observed at total eclipse of June 8, 1918.—The Lowell Observa- 
tory party, located near Syracuse, Kansas, obtained photographs with the following 
four spectrographs: (1) with single prism, 49 cm camera, slit E-W; (2) with single 
prism, 8.3 cm camera, slit N-S, then E-W; (3) with three prisms, 9-inch camera, 
slit E-W; (4) with three prisms, edges N-S, 47 cm camera, no slit. Weather con- 
ditions somewhat interfered with preparations; and thin haze veiled the sun during 
the eclipse, causing some scattering of light that rendered less certain the interpreta- 
tion of some of the results. Yet useful plates were obtained with all the instruments. 
These show the usual prominence and chromospheric lines, the chief lines of coronium, 
the continuous spectrum of the corona, with weak dark lines whose origin is not quite 
certain; and strips of continuous spectrum coincident with certain prominences and 
sections of the inner corona uncovered by depressions of the moon’s limb. 

Distribution of coronium.—The coronium line \5303.0 indicates that this sub- 
stance extended about a solar diameter above the sun’s surface. The slitless spectra 
show many condensations in the green coronium ring. These are not related to the 
prominences. Coronium was fairly abundant generally along the sun’s limb under 
those major extensions of the outer corona, and scarce where the coronal rays typical 
of the polar regions occupied the limb. 


The Lowell Observatory station for observing the solar eclipse 
of June 8, 1918, was located about eight miles north and one mile 
east of Syracuse, Kansas. Points along the path to the west of 
Denver offered somewhat better conditions as regards weather 
prospects, higher altitude of the sun and somewhat longer period 
of totality; but the advantages of accessibility and wider distribu- 
tion of the expeditions along the eclipse path were sufficiently 
weighty to determine upon a station. where the main line of the 
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Santa Fe Railroad was intersected by the eclipse path in western 
Kansas. ‘This region is only one day by direct train from Flagstaff. 
Thus shipments of apparatus could be depended upon to go through 
more promptly and with less danger of injury than where changes 
in transit are involved. Then, too, this choice placed the Lowell 
station the farthest eastward of any of those prepared to undertake 
general observations of the eclipse. 

In the autumn of 1917, Messrs. C. O. Lampland and E. (¢ 
Slipher looked over the general conditions in western Kansas with 
a view to finding a station site, and early in May, 1918, Mr. E. C. 


. 


Slipher went to Syracuse, chose a site, found its latitude and the 
meridian and made all necessary arrangements, secured the needed 
help and materials, and went forward with the preparations. 
Others proceeded to Syracuse later as their réles required, until 
the membership of the expedition was constituted thus: Mr. and 
Mrs. V. M. Slipher, Mr. and Mrs. C. O. Lampland, Mr. E. C. 
Slipher, Mr. Stanley Sykes, and Mr. E. C. Mills, of the Lowell 
Observatory; Mr. George R. Agassiz, of Boston, Massachusetts, 
and Mr. and Mrs. O. H. Truman, of the University of Iowa; and, 
on June 8, Mrs. Percival Lowell joined the expedition for the eclipse. 

During the last week preceding eclipse day the weather was, 
for the most part, unfavorable. ‘There were frequent showers and 
the sky was clouded much of the time, day and night. From 
what had been learned from weather records it had been expected 
that some clouds and rain would be encountered, but not so much 
as was experienced the last week. Thus the preparations and 
rehearsals could not be completed in the manner originally planned. 

On eclipse day the sky at sunrise was only partly clear, and 
soon became completely overcast. However, in the late forenoon 
the clouds dissipated and by mid-day the sky was mostly clear. 
Throughout the afternoon some veil-like clouds of haze were present 
and at eclipse time one of these covered the region of the sun. 
This haze somewhat reduced the light and rather seriously limited 
the effectiveness of the small-scale cameras in recording the extreme 
outer extensions of the corona, by its direct action, and also by its 
scattering the light of the prominences and bright inner corona 
over the faint outer parts of the corona. However, although the 
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haze must have affected to some extent the photographs of the 
inner corona and the spectrograms, its ill effects were not always 
manifest. Indeed, the two large-scale cameras, particularly, 
secured a number of negatives of the brighter parts of the corona 
that in comparison with other eclipse results are seen to be of a 
high degree of excellence. This valuable and extensive material 
will be published later by Messrs. Lampland and E. C. Slipher, 
who were responsible for that part of the eclipse program and 
deserve full credit for the success of the results. 

It was thought wise to confine the studies of the spectrum to 
that of the corona. For this work serviceable instruments could 
be arranged from the stellar and nebular spectrographic equip- 
ment of the observatory. High linear dispersion was not con- 
sidered vital in the observations to be undertaken and in arranging 
the different spectrographs questions of choice between dispersion 
and light-power were decided to favor light-power, in order that 
the instruments might be quick enough under good conditions 
to get a strong record of the spectrum and still to get some record 
even should the conditions be poor. The mountings of the instru- 
ments were made largely of wood, but metal was employed where 
most needed to give the optical parts proper support. The weather 
at Syracuse made clear the weakness of wood and the wisdom of 
making all essential parts of metal. At the eclipse camp Mr. O. H. 
Truman assisted me for several days before the eclipse, and he 
and Mrs. Slipher shared with me the operation of the instruments 
during the eclipse. 

The single-prism spectrograph.—A spectrograph of one 63° flint 
glass prism and a 380-mm camera of 33-mm aperture was used in 
recording the general spectrum of the inner corona from D to the 
ultra-violet. It was supplied with an image-forming lens of about 
the same aperture and focus as the collimator, which was of 490-mm 
focus and 32-mm aperture. The slit was east and west over the 
sun’s diameter and long enough to include the corona to some 
distance off the east and west limbs of the sun. The exposure 
ran from count 2 to 78 of the 83 seconds of the total phase. A 
Cramer Isochromatic plate was used, and recorded the spectrum 
from D, to about \ 3650 in the ultra-violet. 
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The exposure began soon enough after second contact to 
register a great number of chromospheric bright lines on the east 
edge of the sun, but it stopped too early to show these on the 
west edge. 

The prominence lines of calcium, hydrogen, and helium are long, 
especially so those of calcium. The chief coronium line, that near 
X 5303.0 is also strong and, like the lines mentioned above, it 
extends across the space occupied by the moon’s image, owing to 
scattering of the light in the earth’s atmosphere. The coronium 
line near \ 4231 is present and also weak impressions of the lines 
dX 4086 and 3601. The continuous spectrum of the inner corona 
extends from D almost to A 3650, with the general variations of 
intensity that are to be expected from the variations in color 
sensitiveness of the photographic plate used. In its strongest 
portion—in the blue—it is recorded outward from the sun’s east 
limb to a distance of about 1o minutes of arc and to about 14 
minutes from the west limb. In the outer margin of the continuous 
spectrum there are irregularities, especially between Hé and \ 4500, 
which I am more inclined to believe are the weak beginnings of the 
dark-line solar spectrum rather than that they are bright lines of a 
true coronal origin. ‘This plate is reproduced in Figure 1, Plate I. 

Low-dis persion spectrograph.—A slit spectrograph of high light- 
power having a 66° prism of dense but clear flint glass and a camera 
of 35-mm aperture and 83-mm focus, was used in photographing 
the spectrum of the corona to as great distances from the sun’s 
surface as possible. This spectrograph with its image-forming lens 
was mounted so that it could be rotated through go° in order to 
obtain two spectrograms: one with the slit N-S, for the outer 
corona off the north and south limbs of the sun; the other, with 
slit E-W, to cover the corona to the east and west of the sun. 
Thus, with a long slit it was planned to compare the spectra of two 
of the most dissimilar parts of the corona, the polar, and the 
equatorial regions. The slit was long enough to cover the corona 
out on each side to about 1.2 times the solar diameter. Unfor- 
tunately we did not have time, under the weather conditions, to 
perfect the adjustments for rotation so as to have the slit cover 
the desired portions of the corona for the polar and the equatorial 
comparisons. 
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In consequence, for the first exposure the slit which was east 
and west crossed the moon’s image near the south limb. The 
exposure started two seconds after the second contact and con- 
tinued during the first half of totality. Then at mid-totality the 
instrument was rotated through go°—which brought the slit north 
and south and about 10’ west of the sun’s west limb—the plate was 
shifted and the second exposure continued up to within about two 
seconds of third contact. 

The plate used was a Cramer Trichromatic. It has a good 
impression of the continuous spectrum, over the full length of the 
slit, and from the violet down to the D line. The exposure with the 
slit crossing the sun’s image near the south limb shows many promi- 
nence and chromospheric emission lines, including the red line of 
hydrogen. The green coronium line is clearly recorded by the 
first exposure and faintly by the second. This record of the 
coronium line will be of interest later in connection with the slitless 
spectrogram. A few of the strongest groups of solar absorption 
lines are discernible toward the edges of the spectrum of the first 
exposure and traceable across the full width of the second one. 

The variation of intensity of these spectra across their width 
is in full accord with what the direct photographs indicate for light 
intensities along lines over the corona occupied by the slit: ie., 
the first exposure slit E-W, shows more extension and density to 
the west than to the east of the sun, and the second more uniform 
density across its width. The ends of the slit for the first exposure 
reached distances of about 1.2 diameters from the sun’s limb and 
for the second exposure about 1.3 diameters. The two exposures 
overlap by about one-eighth of their combined width and the plate 
was somewhat fogged by extraneous light from too early drawing 
of the slide. These faults and the incorrect placing of the slit for 
the two spectra made them unsuitable for the comparison of the 
coronal spectrum of the polar with the equatorial region. 

The presence of the cloud of haze over the sun raises a question 
as to the extent reflected sunlight contributed to the dark-line 
spectrum. The direct photographs and also the slit spectra bear 
evidence of light scattered from the prominences and bright inner 
corona. The great extension of the calcium and hydrogen promi- 
nence lines and their presence over the moon’s image is clear 
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proof that prominence light was widely scattered. Some years 
ago the late Lord Rayleigh showed how rapidly the power of our 
atmosphere in scattering sunlight increased as the wave-length 
was decreased, and previous eclipse spectra have shown the effect 
with clear skies. Hence our air must have greatly aided the cloud 
in scattering the violet rays among which the dark lines, in the 
present case, were observed. It does not seem possible to determine 
just how great the effect of the haze was, but the presence of the 
prominence emissions over these spectrograms leaves no doubt 
that the strictly continuous spectrum of the bright inner corona 
was likewise spread over that of the outer corona, which would 
tend to cover up any dark lines it possessed. It is not possible to 
know to what extent these two opposing effects of the haze balanced 
each other, and hence we cannot say certainly that the dark lines 
observed were of true coronal origin although they appear to be 
such. 

Three-prism spectrograph.—The Brashear stellar spectrograph 
of three prisms, supplied with a camera of nine inches focus, was 
adjusted for the visual end of the coronal spectrum with the hope 
of photographing more of the red region than is usually done. I 
had planned to sensitize a plate to the extreme red, but conditions 
did not permit my doing that and a Cramer Trichromatic plate was 
finally used. 

The exposure ran from count 2 to 80. The slit was placed east 
and west. The plate records well the continuous spectrum from 
the blue down to D,, where it rapidly weakens owing to the dimin- 
ished sensitiveness of this emulsion in that region. On the shorter 
wave-length side of D, there are present the usual hydrogen and 
helium prominence lines and also a number of chromospheric lines. 
The C line of hydrogen is registered, but no other bright lines are 
evident on the red side of the D, line. The green coronium line 
X 5303.0 is strongly impressed upon the plate (Fig. 2), but I have 
recognized no other true coronal lines. 

The green line is long and nearly equally intense on the east 
and the west of the sun. Prominence and chromospheric lines, 
however, are much stronger on the east than on the west side, 
implying that the exposure began a little nearer second contact than 
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the ending was to third contact. The comparison spectrum was 
unfortunately accidentally omitted from this plate, but the wave- 
length of the green line was determined with fair accuracy from 
measures of it relative to nearby prominence and chromospheric 
lines, the resulting value being \ 5303.0. Owing to scattering of 
light the green coronium line, like H8 and Hy, is traceable across 
the moon’s image. 

The slitless spectrograph.—A battery of three 63° dense flint 
prisms and a camera of 35-mm aperture and 472-mm focus served 
as a prismatic camera for investigating the spectrum of the corona 
with special regard to the green coronium ring. The adjustments 
were such as to include the spectrum from D, to beyond F in the 
blue, in order to have these helium and hydrogen radiations for 
comparison with the coronium ring in studying the distribution of 
this substance around the sun’s surface. The prisms were not at 
minimum for \ 5303 and the green ring is somewhat elliptical. The 
edges of the prisms were set north and south instead of east and 
west, the more usual position. This orientation was the more 
favorable for recording the coronal ring clearly along the east and 
west limbs where it shows most intensity and detail. In this case 
the east and west limbs are in the middle of the spectral band and the 
north and south limbs at its edges, where details are of course 
confused. On account of the persistent clouds on the last few 
days and nights I did not get the focus sharply adjusted; and, too, 
the instrument received a slight jar when the small spectrograph 
described above was rotated at mid-totality, the two being mounted 
on the same polar axis. In consequence the objective spectra are not 
quite sharp, but it seems that nothing of importance was thereby lost. 

The solar image on the plate of the prismatic camera had a 
diameter of 4.3 mm. 

Three exposures were made with this instrument on isochro- 
matic plates; one from the signal “‘ go,” for three seconds; the second 
(on the same plate shifted) for seventy seconds; and the third (on 
a separate plate) for about a second near third contact, for the 
flash. This last exposure was a little late and owing to the low 
dispersion is overexposed and probably does not, merit any further 


consideration and description here. 
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The first of these exposures records the eastern crescents of 
F and D, together with a faint impression of the green coronal 
crescent. The second, the long exposure, secured a good impression 
of the green ring and of the irregular, broken rings of hydrogen F 
and helium D,;. The plate is of course considerably fogged by 
scattered light and by the light of the bright inner corona. There 
is sharp increase in the intensity of the continuous spectrum of the 
corona at its edges corresponding to the north and south limbs of 
the sun. These margins are strikingly sharp. They of course 
mask the coronium ring near the north and south points of the 
sun’s disk; but as the ring becomes weak before reaching the edges 
except in the southwest quadrant, probably not much detail of the 
ring was thereby covered. However, it is strongly advised in such 
observations of future eclipses that the observer provide himself 
with a pair of instruments of this simple type and mount them so 
that for one the refracting edge of the prism (or grating rulings) 
is north and south, and for the other east and west. In this way, 
between the two, he will secure the whole of the sun’s limb without 
masking, and for the most part he will thus also secure the much- 
to-be-desired duplicate records of the coronium spectrum. 

The second exposure, with this instrument, of seventy seconds, 
began and ended about equally near second and third contacts, 
respectively, but it ended a very little nearer third contact. This 
negative shows that the green coronium ring is not uniformly 
intense around the sun. Its strength is much greater along the 
east and west limbs, generally, than about the north and south 
ones, yet its stronger parts do not coincide with the equatorial 
regions or its fainter parts with the polar regions. It occupies a 
greater extent of the west limb than it does of the east one, and on 
that side it extends in considerable strength farther to the south of 
the equator than it does to the north, in fact it seems traceable to 
the south pole. On the east limb, on the other hand, the ring 
stops quite suddenly nearer the equator on the south than on the 
north. That is, the coronium ring is faint or absent along the 
sections of the sun’s limb occupied by the bristling streamers typical 
of the polar regions. The spectrogram, compared with direct 
photographs, shows that the coronium substance was relatively 
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abundant generally in those regions of the sun’s limb from which 
flowed the great extensions of the corona. While there seems to be 
this general correspondence in the distribution of the coronium 
substance and the main features of the corona, the nature of the 
relationship is a problem for further investigation. 

In addition to these main variations in intensity of the coronium 
ring it has numerous local irregularities, its stronger portions being 
found in the zones of spots and prominences, generally; yet these 
do not coincide with individual prominences. The presence 
on the same plate of the F ring of hydrogen and the D, ring of 
helium, one on either side of the coronium ring, rendered compari- 
son and study easy and definite. It is evident at a glance that the 
coronium ring is not at all like those of hydrogen and helium. 
The distribution of coronium thus is different from that of hydrogen 
and helium, and so no obvious relationship of coronium to these 
other substances is indicated. It is true only in a general way 
that the green ring is strong throughout regions including the 
zones frequented by sun-spots and prominences. The condensa- 
tions in the coronium ring, none of which are definitely limited, 
stand in striking contrast to those of hydrogen and helium due to 
the prominences. The spectrogram shows the green radiation to 
fade, at first rather rapidly, outward from the sun’s surface. 
While this negative gives no direct evidence on the question whether 
or not coronium is concerned in the arches over the prominences, 
it reveals a distribution of coronium favorable to its presence there. 
The coronium line on the plate of low dispersion, already described, 
extends outward fully a solar diameter into the corona. It is 
stronger off the southwest limb than off the southeast one—both 
of which were similarly included by the slit—thus conforming to 
the intensity-distribution of the coronium ring shown on the 
objective-prism plate. Of course we must consider here the effect 
that scattering of light in the earth’s atmosphere has upon the 
extension of the line. Some assistance on this point is furnished 


by the negative for the general coronal spectrum, the first to be 
described of the series. This negative contains a good record 
of the emissions of hydrogen, helium, calcium, and coronium from 
the yellow to the ultra-violet, and, as it is without a comparison 
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spectrum, it is well adapted to comparing the emission lines inside 
the moon’s limb, where scattering is wholly responsible for their 
presence, with their extensions outward from the same limb into 
the corona, where the effect is a combination of scattering of light 
and the distribution of the substances involved. Inside the moon’s 
disk the coronium line is as weak as, or weaker than, the helium 
line \ 4472 and, of course, weaker than any of the hydrogen lines; 
but when compared with the same lines at, say, half the solar 
radius outside the moon’s limb, on the west, the coronium line is as 
strong as the strongest hydrogen line. Lord Rayleigh investigated 
the scattering of light in the atmosphere and found it to increase 
inversely as the fourth power of the wave-length. The effect is 
clearly disclosed by this spectrogram, the coronium line showing 
less spreading over the moon’s image than do the blue and violet 
lines of hydrogen and helium. But outside the sun’s limb over 
the corona something more than scattering is at work, for the 
coronium line gains strength relatively to these same H and He 
lines of shorter wave-length. This seems to imply that some 
coronium was present high above the sun’s surface, as high appar- 
ently as the arches over the prominences. 

These arches seemed unusually well developed at this eclipse 
and it is unfortunate that the presence (or absence) in them of 
coronium could not be cleared up. ‘The presence of the coronium 
line high above the sun raises the question whether its luminescence 
may not be, as has been suggested, an electro-magnetic phenomenon 
similar to that of the aurora: the arches over the prominences 
have some resemblance to magnetic lines of force. One might 
further remark upon the fact that coronium and ‘‘aurorium”’ each 
has its distinguishing radiation in the same general region of the 
spectrum. Much remains to be learned of coronium and its 
relationships, at future eclipses. 

This objective-prism plate, Figure 3, has further interest in that 
it shows strips of well-defined, continuous spectrum which run longi- 
tudinally through the main spectral background of the inner corona. 
Three of these are quite distinct and rather definitely limited in 
width. It appears evident that two of them coincide with the two 
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strong prominences of the northern hemisphere, one on the east 
limb, the other on the west. The third is in the southern hemi- 
sphere and is somewhat wider and apparently related to some small 
prominences and an elevated region of the photosphere. Compari- 
son of the maxima of the coronium ring with those of the H and He 
rings with regard to the strips of intensified continuous spectrum 
led me to the conclusion that the bands are related to the promi- 
nences and photosphere and not in any direct way to the substance 
of the green ring. In addition to what has been stated, the facts 
pointing to this conclusion are that the maxima of the ring are not 
definitely limited, as are the strips of continuous spectrum and 
there is not that correspondence between the two that would be 
expected were the ring maxima and the strips due to the same 
origin. It is noted that where the bands cross the ring it is gener- 
ally denser, but it seems not more so than would result from the 
action of the blended light of the two. 

It seems to be definitely established that some prominences 
possess a continuous spectrum, and brief computation shows that a 
depression of the moon’s limb, moderate in depth among those 
known to exist’, would have been equivalent to starting the exposure 
as much as 5 seconds early—or to stopping it that much late— 
which is ample time, near second or third contact, to expose sections 
of the photosphere and so introduce continuous spectrum. Obser- 
vations clearly bear this out, as such lunar depressions have caused 
sharp strips of continuous spectrum on eclipse spectra in numerous 
cases. Both the causes mentioned above seem to have been con- 
cerned in the strips of continuous spectrum described here for the 
1918 eclipse. . 

To Mrs. Percival Lowell, for her generous provision for the 
expedition and interest in its success; to Mr. Guy Lowell, the 
Trustee of the Lowell Observatory, who early proposed the under- 
taking; to Professor W. W. Campbell, Director of the Lick Observa- 
tory, for expert advice on plans and equipment; to Professor 


t Astronomische Abhandlungen der Hamburger Sternwarte in Bergedorf, 3, No. 1; 
Selenographische Koordinaten von Friedrich Hayn. 1V Abhandlung des XXXIII 
Bandes, K. Sternwarte, Leipzig; Astronomische Nachrichten, No. 4615 (193, 118, 
1912). 
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John A. Miller, Director of the Sproul Observatory, and Professor 
W. A. Cogshall, Director of the Kirkwood Observatory, for counsel 
and the loan of apparatus; to Mr. George R. Agassiz, Boston, 
Massachusetts, for the loan of a large lens; to the Naval, Flower, 





and Haverford observatories, for the loan of equipment, and to a 
number of citizens of Syracuse for their kind interest and assistance 
before and on eclipse day, it is a pleasure to make grateful acknowl- 
edgments. 


LOWELL OBSERVATORY 
FLAGSTAFF, ARIZONA 
October 1921 











SPECTROPHOTOMETRIC METHODS FOR DETERMINING 
STELLAR LUMINOSITY’ 


By BERTIL LINDBLAD 
ABSTRACT 


Two spectrophotometric methods for determining absolute magnitudes.—(1)- Relative 
intensity of spectral regions on either side of \ 3907. Using the 10-inch Cooke refractor 
with 6° objective prism, a series of images of decreasing density was obtained for each 
star on each plate, making each exposure 0.707 times the preceding, and from these 
images the exposure ratio (E=?,/t;) required to give the same density in the two 
adjacent spectral regions was determined for stars in well-known groups with common 
proper mctions and hence common parallaxes—the Hyades, the Pleiades, the Ursa 
Major stream, and Praesepe—and also for some stars with known spectroscopic 
parallaxes, in all, 107 stars of types A and B and 74 stars of later types. The results 
show that, especially for stars of type B8 to A3, there is a definite correlation between 
FE and M, the variation being such that even with the small dispersion here used the 
probable error of a determination of M for a star within this range of type and of 
absolute magnitude o to 4 is only o“4. (2) Relative intensity of cyanogen bands and 
adjacent s pectral regions. Using the same instrument and method as above, the relative 
density on either side of \ 3889 was determined for 16 stars of known parallax, and 
(since the band at \ 4216 though weak is more favorable for the redder stars) the 
relative density in regions \\ 4144-4184 and Ad 4227-4272 was determined for 78 
late stars. The absorption was found to be strongest for the giants of types G5—K5 
and much weaker for dwarfs; in fact all stars with log E>o.17 are giants. Figures 
3-5 show the variation of log E with M for various types. 

Relation of spectra of A and B stars to absolute magnitude.—A study of some 
spectra made with the 60-inch showed that the increase in the density of the region 
AA 3889-3907 with reference to AA 3907-3935 is caused by a widening of the H¢ line 
and also of some arc lines of Fe and Si, which may be due to a greater density gradient 
in the outer layers of the less luminous stars of this type. a Cygni and the faint 
companion of o; Eridani represent extreme types. 

Spectral type and luminosity of 137 faint slars of magnitudes 10 to 14, in Messier 11, 
Messier 13, and Selected Areas 63 and 64, were determined from 1o plates made witha 
small focal-plane spectrograph attached to the 60-inch. Dwarfs and giants were 
distinguished by applying the spectrophotometric results reported above. 

S pectrophotometric parallax determinations ——The concordance of the results for 
log E as a function of M, as determined from the various groups of stars, indicates 
that the assumed parallaxes for the Hyades, Pleiades, and Praesepe, 07023, o"010, and 
070072, respectively, are accurate to within 10 per cent. The value found for Messier 
IT is 0700025. 

Schwarzschild’s constant p for Seed 23 plates was determined for images made with 
the ro-inch refractor and 6° prism and found to be equal to: 0.97-0.026 (m—5), where 
m is apparent magnitude ranging from 4 to 8. X-ray developer was used. 








I. A CRITERION OF ABSOLUTE LUMINOSITY FOR STARS OF 
SPECTRAL TYPE A 


The faint companion of the star o, Eridani of apparent mag- 
nitude 9.5 and absolute magnitude+ 10.3 was found by Adams? to be 


> 


* Contributions from the Mount Wilson Observatory, No. 228. 
2 Publications of the Astronomical Society of the Pacific, 26, 198, 1914. 
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of spectral type Ao, and, intrinsically, is by far the faintest A-type 
star known. Some photographs of this object, taken with an 
objective prism on the ro-inch refractor and with a focal-plane 
spectrograph in conjunction with the 60-inch reflector, showed 
some peculiarities in the energy-distribution of the spectrum, when 
compared, for instance, with the spectrum of Sirius. The most 
conspicuous feature is the very strong widening of the wings of the 
hydrogen lines, connected with a decided weakening of the high- 
numbered members of the Balmer series. On the spectrograms of 
low dispersion taken here, Hy is the last hydrogen line to be 
identified with certainty. Seemingly as a consequence of this 
weakening of the extreme hydrogen lines, the photographs show a 
faint extension of the continuous spectrum much farther into the 
ultra-violet than is the case for an ordinary A-type star. A further 
difference between this star and Sirius was found in the distribution 
of energy between He and H¢, apparently consisting in a consider- 
able decrease of intensity in the region \ 3889-A 3907 as compared 
with the region \ 3907-A 3935. This phenomenon may be caused 
partly by the expansion of the wings of H¢, but there was seemingly 
also some other cause; in particular, a widening of the silicon arc 
line \ 3905.6 was suspected. This line is well developed in the 
spectrum of Sirius, though probably it is to some extent a blend 
with an enhanced line of chromium. In order to see whether the 
last mentioned phenomenon might be a general criterion of intrinsic 
brightness for A-type stars, an investigation was begun on the 
Hyades which was later extended to include other groups of 
common proper motion. 

The instrument used was the 1o-inch Cooke refractor with 
an objective prism of 6°. The scale of the spectra thus obtained, 
about 340 A per mm in the region of the K line, is probably near 
the lower limit possible for a successful invest: ation of the effect. 
No widening of the spectra was undertaken. Satisfactory images 
of an A star of photographic magnitude 6.5 were thus obtained in 
one minute. Seed 23 plates were used, with X-ray developer. 
Owing to the steep color-curve of the objective for the extreme 
violet, only a small region of the spectrum can be in good focus for 
a given setting; that used corresponded to the interval \ 3889- 
d 3920. 
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In order to measure the decrease of intensity at \ 3907 the 
following process was used. For each object a series of exposures 
was made on the same plate with exposure-times decreasing in the 
ratio | 2:1. Each star thus produced a sequence of images of 
decreasing photographic density; that is, a scale of images which 
may be represented by the numbers 0, 1, 2, 3, etc., corresponding 
to the exposure-times 4, 4, 4, t; ...., Where ¢:t;4,=V 2. 
The density in the region \ 3895 to X 3907 of a certain image, for 
instance, the first, was compared with that in the region \ 3907 to 
d 3925 of the following images. The point in the scale of images 
for which the density in the second region equaled that of the first 
region in the reference image, was estimated by interpolation to a 
tenth of an interval. Suppose the exposure-time corresponding to 
this “‘scale-reading” to be ¢. The logarithm of the ratio 4:1, 
denoted by log E, is then a measure of the energy-fall in the spec- 
trum near 3907. ‘The successive images define a scale with 
intervals of logarithmic exposure-ratio equal to 0.15, and the 
“scale-reading”’ observed is therefore readily converted into log E. 
As many estimations as possible were made from each series of 
images, starting with each of the spectra in succession as a refer- 
ence image. The process is analogous to that used by Seares™ in 
determining the color of a star by the method of exposure-ratios. 
Distorted images, as well as very dense or very weak images, have 
not been measured. Whenever possible, measurements were made 
with the plate in two opposite positions. In some of the measure- 
ments, especially of very bright stars, like Sirius, for which suf- 
ficiently short exposures could not be made with the accuracy 
necessary to form a reliable scale, the value of log E was estimated 
directly from the difference of density between the two regions in 
the same image. Apart from the influence of possible changes of 
gradation from one plate to another, the two methods, if checked 
against each other, should give equivalent results. This follows 
from Kron’s? results for the law of photographic density as a function 
of intensity and exposure-time. If the gradation in a time-scale 
is constant, a difference in density obtained during the same 

t Proceedings of the National Academy of Sciences, 2, 521, 1916. 

2 Publikationen des Astrophysikalischen Observatoriums zu Potsdam, 22 (No. 67), 


1913. 
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exposure for two different light-sources will always correspond to 
the same ratio of exposure-times giving the same density, independ- 
ently of the order of magnitude of the intensities, in this case, of 
the apparent magnitude of the star. 

The wave-length \ 3907, separating the two regions, is easily 
identified with sufficient accuracy from its position relative to the 
lines Hf, He, and K. The abrupt fall of intensity near this wave- 
length for low-luminosity A-type stars was confirmed by these 
observations and also on spectrograms of higher dispersion, as will 
be seen later. With the low dispersion used, the rapid change in 
intensity leaves the density fairly uniform in the two regions, 
d 3895-A 3907 and A 3907-A3925. In fact, the success of the process 
depends on this circumstance. On the other hand, the smallness 
of the dispersion entails relatively large accidental errors, thus 
necessitating the use of a rather large number of images in order 
to get a reliable mean result. 

Because of the juxtaposition of the two regions in the spectrum, 
it is evident that the influence of slight changes in the sensibility- 
curve of the plate, as well as of a variation in zenith-distance 
within reasonable limits from one object to another, will be negli- 
gible. The same will hold for a difference of gradation for the two 
regions. Further, if we use the law of density in Schwarzschild’s 
form, S=@ (Jt?), we may assume the value of p to be the same for 
the two regions. Suppose /, and /, to be the acting intensities for 
the first and second regions, respectively, and suppose S,, 4, S2, bh, 
to be corresponding values of density and exposure-time for the 
two regions. ‘Then for equal densities we have S,=5S,, and 


Tt?=14? 


log — log” = 

I, t, 

If we use the same kind of plates and the same developer, we have 

reason to assume Pp to be tolerably constant, though experience 
shows that large deviations may occur. 

Since we may certainly disregard any difference in gradation 

for the two regions, there cannot, according to Kron’s results, be 

any change of log E with the density of the images, a result which 
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seems to be confirmed by the measures. This follows from the 
parallelism of the curves log // against log J for different degrees of 
density in Kron’s diagrams. ‘Two values of log J giving the same 
density will demand the same difference of log ¢ for all values of 
the density. There may be, however, a slight change of log E 
with the absolute value of the acting intensity, that is, with the 
apparent magnitude of the star, due to the bending of the curves 
mentioned, corresponding to a change of the exponent fp with the 
intensity. 

The method described here admits a determination of Schwarz- 
schild’s constant p for a certain intensity, as soon as we have on a 
single plate the series of images of two different stars whose magni- 
tudes are accurately known. The method of measurement is 
simply to interpolate the density of the successive images of one 
star into the scale defined by the images of the second star. In 
A log I 
A logit 
nearly all of the plates used here; in some cases p was determined 


this way p has been determined from the relation p= for 


for very different intensities on the same plate. The results seem 
to confirm Kron’s conclusions. There is a decided decrease of p 
with the apparent magnitude. The mean from five plates is 


Ap 


= —0.026+0.002 (P.E. 
pe ©.026+0.002 (P.E.), 


for photographic magnitude 6.5. 

Assuming a linear relation between p and m to hold for the 
variation of intensity met with in this investigation, we have as a 
mean for the first seventeen plates measured p =0.97—0.026 (m—5). 
Individual plates were assumed to differ from this equation by a 
constant e, which in so far as possible was determined for each plate. 
The probable deviation in p from the formula for one plate, com- 
puted as a probable error for the seventeen plates mentioned, was 
found to be 0.03. A few Seed 23 plates of a later emulsion give, 
in the mean, lower values of ». One plate of the Pleiades was dis- 
carded by reason of an abnormally low value of p. The values of 
log E were reduced, as far as possible, to p=0.97. As a rule the 
corrections were small. | 
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From stars measured on more than two plates it appears that 
the probable error of log E from a series of four measured images 
on a single plate is+o.025. ‘The residuals of different plates indicate 
a probable systematic error of about+o.o2. A considerable part 
of the probable error in log E for one plate must therefore be due to 
causes common to all the stars on the plate taken in the same expo- 
sure. For the greater part these are probably connected with 
irregularities in the images caused by imperfect guiding. From the 
foregoing discussion it seems unlikely that varying quality of the 
plates contributes appreciably. In computing the final values of 
log E, weights were therefore assigned equal to the number of 
images measured on the respective plates. 

Attention was given first to members of well-known groups of 
stars with common proper motions, the Hyades, the Pleiades, the 
Ursa Major stream, and Praesepe, for which values of the parallaxes 
have been derived from the stream-motion or other plausible 
considerations. The large number of early-type stars in these 
clusters makes it much easier to establish the relation of spectral 
intensity to absolute magnitude than is the case for later types. 
Tables I-IV contain the results for stars of these groups; in addi- 
tion, Table V gives results for some stars of types B5 to Bg of 
Kapteyn’s groups in Orion and Scorpius, and for the two stars 
a Cygni and Comp. o, Eridani, which may be considered as repre- 
senting extreme limits for the luminosities of A-type stars. 

For the Hyades the parallax used for computing the luminosities 
is that of Kapteyn-Kiistner,' t=0”’023. The Ursa Major stars are 
given according to Bottlinger.2 Thirteen of the fifteen A-type 
stars which are certainly members of the group have been observed ' 
for this investigation. The absolute magnitudes of € and ¢, 
Ursae Majoris, spectroscopic binaries with composite spectra of 
nearly equal intensities, have been increased by+o™75 in order to 
reduce to the absolute magnitude of each component. For the 
Pleiades a list of probable members brighter than 9“5 photographic 
has kindly been communicated by Dr. Trumpler of the Lick 
Observatory. The value of the parallax adopted is Trumpler’s? 

* Publications of the Astronomical Laboratory at Groningen, No. 23, 1909. 

2 Astronomische Nachrichten, 198, 153, 1914. 


3 Publications of the Astronomical Society of the Pacific, 33, 214, 1921. 
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result, t=0”o10, derived by means of the orbital motion of ten 
visual binaries belonging to the group. Some stars of the list are 
not measurable on the plates because of overlapping images. The 
maximum exposures for the four plates used were 30 minutes, 10 
minutes, 2 minutes, and 30 seconds, respectively. For the Praesepe 


TABLE I 


HYADES, t=0"023 



































STAR | | 

~~ | Vis. Mac.} Srectrrum| roc E | N n M. M. AM |ALocGE 
<aror B.D. | : 

— +15°632.....| 3.62 Fo | 0.14] 1 | 2 | 0.43 

— 18 640.....] 3.63 Go | 0.09 zi 8] 0.4 

8 15 612 | 3.86 G7 |0.05| 3 17 | 0.67 

7 17 712 3.93 Gg | 0.05 3 | 27 | 0.74 
224 15 631 | 4.04 Gg | 0.05 | 4] 26] 0.85 

} | 
| 

143 17 719 4.24 | A2 0.15 | 3 | 18 | 1.05 | 0.8 |+0.3 | —2 
17 15 625 4.60 | 5 0.17 4 | 27 | 1.41 | 1.3 |-+0.3 | —2 
315 14 720 4.75 AS 0.19 | 31] 15 1.50 
107 ty 7ia 4.84 | A5 | 0.19 3196 i 2.05 

85 15 666 4.85 | Az |0.25| 2] 12] 1.66 | 3.6 |—1.9 | +5 

} | | 

251 15 637 4.84 | As | 0.22] 2 9 | 1.65 

28 14 682 5.27 Fo | 0.19 | 3 | 23 | 2.08 
255 15 6390 5-40 | As | 0.20] 3 | 16 | 2.30 

34 13 663 5.590 | Fo 0.19 3 | 13 | 2.40 

87 16 586 5.68 | \2 0.22 3 | 18 | 2.49 | 1.9 |+0.6 | —2 

| 
245 15 636 5.70 | Fo | 0.23 } 2] 11] 2.51 
64 13 668 5.76 | Az o.05 | 3 | ta | 2.57 | 3.6 |—1.0 | +2 
371 15 661 5.80 | Fo 0.19 | 2] I0 2.601 
222 14 702 5.07 | Fo 0.%9 | 3 | 201 2.98 
282 15 645 6.04 | Fo 0.17 | 3 | 16 | 2.85 
i | | 

44 13 66s.....] 6.14 | F2 0.11 3 | 12 | 2.85 

I 1 Goz.....| O.35 | Fs | O.%5 2 6 | 3.16 
150 +15 621.... 6.39 | F8 |0.12] 4] 15 | 3.20 














cluster Kohlschiitter’s' value t=07%0072 was adopted. ‘This was 
derived by a comparison of the relations between apparent magni- 
tude and spectrum for the early-type stars in the Hyades and 
Praesepe. This value is at least consistent since it gives for the 
four bright K stars of Praesepe a mean absolute magnitude nearly 
equal to that of the corresponding stars in the Hyades. For one 
of the Praesepe stars mentioned, B.D.+20°2166, Mr. Adams has 
kindly secured a spectrogram, from which he estimates the absolute 


t Astronomische Nachrichten, 211, 289, 1920. 
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magnitude to be —o.4. A result of the same order is indicated by 
the strong absorption in the ‘‘cyanogen”’ bands shown by a spectro- 
gram of the same star, taken by the writer with the Crossley 
reflector, which places the luminosity near that of 8 Geminorum 
(M=+1.7). The value M=+0.69 found with +=0"0072 is in 
fairly good agreement with these results. The stars from Kapteyn’s 
lists have been combined into groups having the same spectral 
type and nearly the same values of log EZ. The absolute magnitude 


TABLE II 


Ursa Major STREAM 


Star Vis. Mag. | Spectrum | log F N n a vi AM A log F 
a Cor. Bor.. 2.31 Ao 0.12 2] 10 | 0.37 | 0.4 O ° 
e Ursae Maj 1.68 lop | 0.15 2] 10] 0.55 | 0.8 ? 2 
8 Serpentis 3.74 A2 0.13 2] 13 | 0.5¢ 5 I fe) 
y Ursae Maj 2.54 \o 0.14 2 | 22 | 0.60 | o.¢ re) 
78 Virginis 4.93 A2p | 0.13 2| 12] 0.66 | 0.5 |+0o —I 
8 Ursae Maj 2.44 A2 0.15 3 | 11 | 0.80 | 0.8 0.0 c 
a Canis Maj. —1.58 Ao 0.20 +i 241 3.34 15-5 0.2 | —!1 
“ , ° | 
¢: Ursae Maj. | 2.40 Aop | 0.20 2 Si} t.44 | 2.5 O.1 +1 
76 Cygni. | 6.05 | Ao 0.19 I 6 | 1.62 | 1.4 0.2 | —I 
& Eridani &.23 A2 0.20 Ed og | 2.63] t.5 o.r | oO 
5 Ursae Maj 3.44 A2 0.21 4} 29] 2.71 | 1.7 0.0] Oo 

Ursae Maj.....| 4.02 As 0.18 |} 18 | 2.14 

- U ae M: ; | 2 ( \ >2 > or on" | + 
42 rsae Maj... .: 3.99 AO 0.23 I 4 2. 35 7.2 0.0 ° 


was assumed to be the same within each group, and was calculated 
from the means of Kapteyn’s values of the parallaxes. 

The fourth column of the tables contains the final values of log E, 
corrected to p=0.97; the fifth and sixth give respectively the num- 
ber of plates and the total number of images on which these values 
are based. The seventh column gives the absolute magnitude M,, 
derived from apparent magnitude and parallax by the relation 
M=m+5+5logz. The eighth column gives the absolute magni- 
tude M,, read by means of log E from the curves in Figure 1. The 
ninth and tenth columns give the residuals in VW and log E from 
these curves. 

The visual apparent magnitudes for the Hyades, the Ursa 
Major stars, and for Kapteyn’s stars are from the Draper catalogue. 
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TABLE III 


PLEIADES, 7=07010 


























STAR Vis. Mac. | Spectrum Loc E V n M. M. 4AM ‘\ALtocE 
Bessel B.D Distance from Alcyone I 
n +23 541 2.94 Bsp | 0.06 I 4 |-2 06]... eee ee 
f 23 6&7 3.73 B8 0.06 2 8 |-—I 27] ; | 
3 507 3.70 Bsp | 0.11 3 12 |—1 2 
( 2 516 03 Bs 0.08 2 7 |—1.07 , | 
é 23 547 4.34 Bs 0.09 2] 11 |—0.66 ; 
| | 
22 522 4.28 Bs | 0.06 I 3 |—0.72 re ioe 
h 23 558 5.15 B8p | 0.11 3 | 10 |+0.15] 0.2 0.0 | +1 
g 23 505 <2 Bs O.I! I 4 | 0.53} 0.2 |+0.3 | —2 
| 28 22 563 c.. B8 0.16 2 9} 0.54] 0.9 |—0.4 | +3 
m 24 540 5.05 B8 0.09 2 II ° " ; i—s | 
| 
k 24 553 5.83 | B8 0.12 2 8 0.83) 0.4 i+0.4 —3 | 
34 23 503 6.23 B8 0.19 3) 12] 1.23) 1.4 |—o.2 | +1 
2 23 561 6.66 Bo 0.27 I 4 1.66] 1.1 |+0.6 | —4 
38 23 569 6.82 Bo 0.24 3) 15 5.82] 2.5 l—0.7 +3 | 
12 24 562 6.88 Bo 0.22 “| ge 1.88) 2.0 |-—o.1 ° 
| | | 
24 23 540 6.93 Bo | 0.22 2/11 | 1.93) 2.0 |—o.1 | +1 
40 23 570 6.98 fo) 0. 23 ,137 1 2.681 2.2 l—o.2 | +1 
0 23 553 6.99 Ao 0.22 3114] 1.99] 2.0 | 0.0 ° 
23 537 7.04 Ao |0.24| 3| 16] 2.04] 2.5 |—0.5 | +2 
2 23 538 7.19 Bg | 0.25 s 1 £9 2.19] 2.8 i-* 6 | +2 
| = 
fe) 23 523 : Pe Ao 0.24 g | s 2.37| 2.5 |—0.1 ° 
37 23 507 7.44 Lo 0.22 3 | 13 2.44| 2.0 |+0.4 | —2 
39 24 578 7.40 A2 | 0.23 3 | 23 2.46] 2.2 l+o.3 —I 
| I 23 560. 7-54 Ao | 0.28 I 3 2.54, 3.6 |—1.1 | +4 
20 24 506 7.68 | A2 0. 26 2 6 2.68) 3.1 |—0.4 | +1 
. | | | 
24 540 7.79 | A3 0.26 21 7 2.79] 4.0 |—-1.2 | +3 
23 23 539 7.81 | <A2 | 0.24 2 5 2.81] 2.5 |+0.3 |] —1 
7 23 517 7.87 | A2 | 0.27 2 8 2.87) 3.3 |—-0.4 | +2 
33 23 562 8.o1 | A2 | 0.23 ni s 3.01] 2.2 |+0.8 | —3 
I 23 510 8.06 | A2 | 0.27 3} 6 3.06] 3.3 |—o.2 | +1 
23 406.. 8.07 | AS 0.21 2 7 | 3-O7]..---[.---eefeeeeee 
23 524. 8.13 | Az2 0.29] 2] 7 3-13} 3-9 |—0.8 | +3 
30 23 559. 8.14 A3 o.25 1) 21 8 3-34) 3.6 |—0.5 | +2 
23 504 8.22 | As 0.22} 2] 6 | peer, capes. rae 
22 573 8.24 | A3 | 0.23 2} 6 3.24] 2.6 | +o 6] —1 
23 405. 8.29 | As 0.19 | 2 1 OL Stews: a Verran 
13 23 528.. 8.46 | <A5 ome] @] 3.46) Ee ees 
23 508 8.51 A3 0.2 2] 4 3-51] 3.1 |+0.4 | —1 
22 565. 8.53 AS 0.21 2 6 C2, aa Cee 
+24 563.. | 8.59 As 0.20] 2 5 3. 50| ieee 
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TABLE IlI—Continued 


SPECTRUM! LOG E N n M. 





Distance from Alcyone 1° to 3° 


Bo 0.15 127i £.9 
Ao 6.57 311318 7 
Ao 0.22 3 | 17 1.9 
Bo 0.22 3 | 16 1.9 
Ao 0.21 3 | 18 2.1 
Ao 0.20 3] 16 2.4 
A3 0.23 | 3 | 14 2.6 
A2 0.20 3 9 2.7 
A2 0.20 a | &% 2.8 
A2 6.2 = | 22 2.8 
A2 0.22 3 | Io 3.0 
A3 ©. 26 2 8 2.2 
A3 0.21 2 8 3.4 
A2 o.27 2 7 2.5 
Fo 0.13 2 6 523 
AS 0.22 2 4 3.9 
A3 25} 2] 4 3.9 
TABLE IV 
PRAESEPE, 7 =0"0072 
Spectrum | log E | N n VM 
| 
A2 0.17 2| 14] 0.52 
Fo 0.15 2| 10] 0.68 
G5 0.05 2 2 | 0.69 
Ko 0.08 |} 2] § | 0.77 
Ao |o.11 | 2] 61|0.77 
| ' 
Fo | 0.14 2 9 | 0.83 
- 1 @.28 2 | 13 | 0.87 
A3 0.17 oh God bape: 
AS | 0.19 2i @ 1 t.6 
Ko | 0.10 | 2) 3| 1-37 
Fo | 0.20 2 5 | 1.38 
Ao 0.16| 2| 8] 1.55 
Ao | 0.2 I 4 | 1.70 
Ao | 0.18 | 2 | 4 1.81 
A3 0.17 | 2] 7 | 1.83 
| 
A3 0.21 2 6 | 1.86 
Ao | 0.26 2 6 | 2.01 
Ao | 0.20] 2 6 | 2.03 
A3 ©.3% | 2 5 | 2.00 
As 0.20 | 2} 6] 2.17 
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Those of the Pleiades are by Miss Parsons,‘ or by Miiller and 
Kempf with the reduction —o.30 to the Harvard scale. For a few 
Pleiades stars Miinch’s photographic magnitudes have been used, 
reduced to the visual scale by means of color-indices inferred from 
the spectral type, which is not far from Ao. The first part of 
Table III contains members of the group within 1°; the second, 


TABLE V 


KAPTEYN STARS, COMP. 02 ERIDANI, a CYGNI 


























Star Vis. Mag | Spectrum] log E | Mean | N | n | M.. M, 4M |\AlogE 
Boss 4018...... | 4. Bo OSE B.2565 Se 2 Ree Op a) Cate 
ee | 4.92 Bo Se CS S08 Bicveccd See eee See 
ee | 5-57 Bo O.II | 0.12 3 | 19 0.01 | 0.4/—0.4/+2 
aS ee | 6.61 Bo ee oS eer wae el)! a aeer 
Boss 1944...... 3.09 B8 re I Ore Seen aoe Sane 
Pe 4.65 B8 re I ed eee See. Seerece, Marc 
| 5.11 B8 i ae | 5 ere See. Kees een 
Co ee * 48 B8 0.07] 0.08 | I Oe td ee ee ee 
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between 1° and 3° from Alcyone. For the latter stars the photo- 
graphic magnitudes derived by Trumpler have been reduced to 
the visual scale in the same way as those by Miinch. For Praesepe 
the photographic magnitudes by Kohlschiitter on the Gottingen 
system were similarly reduced to visual magnitudes. The spectra 
are given according to Harvard with the exceptoin that for 
Pleiades stars fainter than 75 the spectral types have been revised 
on the basis of the strength of the K line. 

Table VI contains the results of measurements on later-type 
stars from the list of spectroscopic parallaxes by Adams, Joy, 
Strémberg, and Burwell, made in connection with an investigation 
of the “cyanogen”’ absorption beyond \ 3889. The means were 


t Astrophysical Journal, 47, 38, 1918. 
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taken for limited intervals of spectral type and absolute magnitude; 
N is the number of stars in each group. No correction was made 
for a variation of Schwarzschild’s constant, and the measurements 
for the individual stars are not as accurate as for the A-type stars 
in the preceding tables. In fact, with the decrease in intensity of 
H¢ and the general strengthening of the metallic lines in later 
spectral types the region \ 3895-3907 has no longer the same 
uniform appearance as for the early types. The results in the table 
show, however, that the effect still persists to some extent in the 
later types, in spite of the vanishing of H¢. 


TABLE VI 

MEAN RESULTS FOR STARS WITH DETERMINED SPECTROSCOPIC PARALLAXES 

Spectral Range Mean Typ \ Mean Al M Mean log / 
F5p-G3p Gop 4 2.5 05 
F4 -G8 G1 3 E93 2.04 
A8 -Fo.. F4 3 0.3 0.09 
Fr -G1 F7 15 3.9 Is 
G1 -K2 Paes G8 12 0.9 O5 
G4 —-K2 : : Go '¢) ..7 16 
K3 —Ma. tobe K5 7 0.6 oe 
a ee: See : 5 3 7.3 0.24 





Figures 1 and 2 illustrate the result in the tables, log E being 
plotted against ,, with different symbols for the different groups. 
a Cygni and Comp. o, Eridani are represented by arrows. The 
absolute magnitude of a Cygni can only be estimated qualitatively 
as very bright from exceedingly small proper motion. Comp. o, 
Eridani with M=1o0.3 falls below the margin of the diagram. | 
Figure 1 gives the results for spectral types B5—A3; Figure 2 for 
types rom A5 on. From B8 to A2 there is no certain evidence of 
a change in the curve; but the A3 curve for lower luminosities 
evidently falls below the B8—A2 curve, and forms a transition to 
the A5 curve in Figure 2. The degeneration of the curves for types 
A5-F is clearly a consequence of the decreasing intensity of Hf with 
advancing type. 

It is evident from these results that the increase of log E with 
decreasing luminosity can be used for determining absolute magni- 
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tudes for stars of spectral types B8—A3, but that the curves for 
later types cannot give very trustworthy results. The curves 


further show that for very bright stars log E approaches a limiting 
value representing a very smooth run of the energy-curve between 
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Fic. 1.—Logarithmic exposure-ratio for the regions AA 3895-3907, 3907-3925, 


and absolute magnitude. Spectral types B5—A3. 


H¢ and K, a consequence of the extreme narrowness of all absorp- 
tion lines. This phenomenon seems to be more or less independent 
of type, a Cygni, A2p, falling in with the Bs stars of the Pleiades. 
The Cepheids and Pseudo-Cepheids and the very bright F4-G8 
stars in Table VI also fall near the same point of the diagram. The 
steepness of the curve for stars brighter than M =o is such that only 
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qualitative estimates of the luminosity can be made from values 
of log E less than o.10. 

To form the B8—A2 curve, means of log E for certain intervals 
of M were taken for both Ursa Major and Pleiades stars. Between 
M=o and M=-+2 the curve was drawn to represent the Ursa 
Major stars. A comparison with the eleven Pleiades stars in this 
region observed on three plates gave a systematic difference of 
+0o.002 in log E, which is negligible. The remaining parts of the 
curves were then drawn in accordance with the results for the 
Pleiades, attention being given also to the Hyades and Praesepe 
stars in forming the A3 and A5 curves. The co-ordinates of the 
curves in Figure 1 then run as follows: 




















B8-A2 
8 ee 0.10 0.15 | 0.20 0.25 o. 28 
Rr ee rer | -+0.08 0.80 | 1.55 2.77 3.68 
A3 
ee ae 0.10 0.15 0.20 0.22 | 0.25 
BP chsh eieratte chee e ace onaes +0.08 0.80 1.62 2.20 | 3.60 





The Fo curve in Figure 2 is drawn mainly from stars in the 
Hyades. 

The absolute magnitudes corresponding to log E, M,, have been 
read from these curves for all B8—A3 stars having log E>o.10; the 
two As stars in Figure 2 with log E<o.18 are included. 

Errors in the assumed values of the parallaxes evidently combine 
with residual systematic errors in the measurements. From the 
discussion of systematic errors it seems that the reliability of any 
correction to the parallax that might result from the mean residuals 
for a group will probably depend more on the number of images 
measured for the individual stars than on the number of stars. 
The absolute magnitudes of the Ursa Major stars derived from 
stream-motion are probably but little affected by systematic errors. 
This likely is also true of the values of log E, because these stars 
were observed individually on a rather large number of different 
plates. As there seems to be no appreciable systematic difference 
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between the Ursa Major stars and the Pleiades we may conclude 
that Trumpler’s value of the parallax, t=oo10, is very good. 
With allowance for a possible systematic error of about o.or in 
log E the error may amount to about to per cent, or *o"oor. 
For the Hyades and Praesepe we can determine the parallax which 
causes the systematic difference in log E to vanish. For the Hyades 
we find t=0%023, the value initially adopted; and for Praesepe, 
m7 =0"0008, differing by only o”%0004 from Kohlschiitter’s value. 
An uncertainty of 10 per cent is probably to be admitted for both 
these values. The Kapteyn stars of types B8 and Bg seem to 
agree with the curve as well as can be expected. 

The residuals AW for the individual stars are seen to be very 
small for tie Ursa Major stars, but are rather large for some of the 
A3 stars of low luminosity ‘n the other groups. This is to be 
expected from the steepness of the curve. In all, the residuals 
for seventy-one stars give a probable deviation of =o™“4o, which is 
comparable with the probable error of the spectroscopic method for 
late-type stars. With weights equal to the number of images, #, 
the probable deviation in log E from the curves is found to be 
+0.026 for a value based on four measured images. This value 
is to be compared with +0.025 previously derived from the residuals 
in log E from the mean for different plates. The latter value, it 
was concluded, was produced to a considerable extent by systematic 
errors common to a large number of stars in a certain group. In 
the new value, on the other hand, the systematic errors are com- 
bined with errors in the parallaxes, and may be partly eliminated 
in drawing the curves. The close agreement of the two results 
suggests, however, that the correlation between the energy 
distribution around \ 3907 and the absolute magnitude is close. 

An investigation of spectra of higher dispersion for some 
selected A stars of different luminosities, photographed with a 
focal-plane spectrograph in the Newtonian focus of the 60-inch 
reflector, and with the Cassegrain spectrograph and an 18-inch 
camera, and also with a slitless quartz spectrograph used in con- 
junction with the Crossley reflector of the Lick Observatory, throws 
some light on the question of the physical cause of the effect 
investigated here. Undoubtedly the increase of log E with decreas- 
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ing luminosity is to a considerable degree caused by a widening of 
the wings of the H¢ line, the extreme limits being represented by 
very bright stars such as a Cygni and a Leonis with narrow hydrogen 
lines and the very faint companion of 0, Eridani, which has exceed- 
ingly wide ‘ines. But there seems also to be evidence of another 
cause. It appears as though certain arc lines of iron and silicon 
in the region A 3889~-A 3907 increase appreciably in width and inten- 
sity with decreasing luminosity. The lines suspected are AA 3895.8, 
3899.9, 3903.1, 3906.6 of iron, and A 3905.6 of silicon. With the 
exception of AA 3903.1 and 3905.6, these lines are classified by King’ 
as belonging to Class IB. The exceptions are in classes II and III, 
respectively. A widening of these lines with decreasing luminosity 
seems to contribute perceptibly to the depression of the intensity 
in the region Hf-A 3907. ‘There seems to be a similar effect, though 
much weaker, in the region A 3914-A 3923, including the two iron 
lines AA 3920.4 and 3923.1 of Class IB. On the whole, in stellar 
spectra the region between \ 3907 and K is certainly affected by 
heavy arc lines to a much smaller degree than the region Hf-A 3907. 

In some spectra of Sirius photographed by Nicholson with the 
Snow telescope, with a dispersion of 3 A per mm, the lines men- 
tioned between AXA 3889 and 3907 are plainly visible, except the iron 
line \ 3906.6. The line \ 3905.6 is relatively strong, of about the 
same strength as the enhanced titanium lines AX 3900.7 and 3913.7. 
We probably have here a blend of the silicon line with an enhanced 
line of chromium, but an indication that the blend is to a consider- 
able part due to silicon may be found in the circumstance that the 
Kensington observers’? state that it is somewhat weaker in the 
spectrum of e Ursae Majoris than in the spectrum of Sirius, in spite 
of the fact that of thirty enhanced chromium lines all are found 
stronger in the former star, except one which is given as of the same 
intensity in both spectra. In the case of a Lyrae and a Coronae, 
which are stars of Ao type more luminous than Sirius, \ 3905.6 is 
stil to be seen in the spectrograms taken with the Cassegrain 


* Mt. Wilson Contr., No. 66; Astrophysical Journal, 37, 239, 1913; Publications of 
the Astronomical Society of the Pacific, 33, 106, 1921. 


? Solar Physics Committee, Chemical Origin of Various Lines in Solar and Stellar 
Spectra, p. 49, 1910. 








102 BERTIL LINDBLAD 


spectrograph; of the iron lines only \ 3903.1 can be traced with 
certainty. On the other hand, in ¢, Ursae Majoris with M = + 2.25, 
A 3903.1 is strong, and AA 3895.8 and 3899.9 are clearly visible; 
in the position of \ 3906.6 there is a very broad line seemingly 
including \ 3905.6 as a blend. The prominent arc lines of iron 
between Hf and Hy are very broad and well marked, probably 
affecting to a perceptible extent the integrated intensity of the 
region between these two lines, at least from \ 3860 to Hn. To the 
red of \ 3907 no effects of similar importance for the variation 
of the integrated intensity of wide patches of the continuous 
spectrum can be seen, though the spectrum is evidently rich in lines. 
The K line, which indicates that the spectral type lies between Ao 
and A2, is weaker and sharper than in the spectrum of 8 Serpentis, 
type A2, M=o.56, in which the iron arc lines are faint. The 
visibility of the broad arc lines is therefore not likely to be inter- 
preted as due to an increase in spectral type. In addition to these 
comparisons made with the Cassegrain spectrograph, the slitless 
spectrograms taken with the quartz spectrograph on the Crossley 
reflector, and the low dispersion slit spectra obtained with the 
60-inch reflector, show an abrupt fall of intensity near » 3907 
for ¢, Ursae Majoris, as well as for Nos. 10, 20, and 31 of the 
Pleiades, types Ao, A2, Ao, M=+2.37, 2.68, 2.54, respectively, 
for No. 64 of the Hyades, A3, M=-+2.57, and the Praesepe star 
B.D.+20°2165, Ao, M=+2.03. The difference relative to the 
brighter Pleiades and Ursa Major stars is plainly recognizable. A 
very marked depression near \ 3906 is shown on a spectrogram of 
Comp. o, Eridani taken with the quartz spectrograph. From the 
appearance of the K line this star ought probably to be classified 
a little earlier than Ao. 

The effect in question persists for later types, as shown by 
Table VI and is confirmed by results from spectra of other kinds. 
The energy-fall in a slitless spectrogram at \ 3907 is much more 
pronounced for a dwarf than for a giant. This fact confirms our 
results just derived, because the importance of the hydrogen 
line H¢ for the effect must be negligible in these types. On the 
other hand, the degeneration of the effect toward type F shows 
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that Hf probably causes a large part of the phenomenon in the 
A type. 

The facts dealt with here are probably best understood from 
the standpoint of an increased density-gradient in the outer layers 
of a star of certain type with decreasing luminosity, which follows 
because the change in luminosity is in all probability due chiefly 
to a change of the mean density. Fora layer of certain temperature 
the density will be appreciably greater in a star of low luminosity 
than in a more luminous one, a condition which may be thought to 
favor the strength and width of the arc and flame lines. 

The eclipsing binaries offer an opportunity to derive a relation 
between the effect at \ 3907 and the mean density of the star. 
From some preliminary results obtained here it has been found 
that the energy-fall near \ 3907 is strong for RZ Cassiopeiae and 
RR Draconis, whose brighter components have especially high 
mean densities, and seems to be much smoother for the low- 
density stars examined. For RZ Cassiopeiae a value of M be- 
tween +2 and +3 inferred from the spectrum is in fair agreement 
with Dugan’s' results for the dimensions of the brighter component 
of this star. 


Il. THE ‘‘CYANOGEN”’ ABSORPTION IN SPECTRA OF TYPES G-M 

Miss Maury? makes the statement in her classification of stellar 
spectra that the sudden decrease of general intensity in the spectrum 
from \ 3889 toward the ultra-violet found in types XIV and XV, 
as well as the degree of absorption in the regions \ 4055—A 4078 and 
\ 4144-A 4216, is developed to a different degree for different stars 
within these types. The variation of intensity in these regions is 
further thought to be correlated to some extent with the strength of 
the lines AA 4215.7, 4227, and the compound line A 4076.8-A 4077.9. 
Kapteyn’ showed that stars with heavy absorption in the violet 
and ultra-violet regions mentioned have on the average much 
smaller proper motions than stars with comparatively slight 


* Contributions from the Princeton Observatory, No. 4, 1916. 


? Harvard Annals, 28, 38, 1897. 


3 Mt. Wilson Contr., No. 31; Astrophysical Journal, 29, 46, 1909. 
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absorption. This result was thought by him to bear upon the 
problem of selective absorption in inter-stellar space. In more 
recent years, however, the influence of differences in the absolute 
magnitudes of the stars on the appearance of their spectra has been 
recognized, especially by Adams and Kohlschiitter in the develop- 
ment of the spectroscopic method for deriving stellar parallaxes. In 
this method the lines \ 4216 and X 4078 are two of the most impor- 
tant variable lines. That the energy-fall beyond X 3889 is inti- 
mately connected with the spectroscopically determined absolute 
magnitude was found by the writer by using very short objective- 
grating spectra.‘ The color-effect of the absolute magnitude was 
found to be much more strongly developed at the inner limit 
of the spectra in the “‘minimum wave-length” than in the “effective 
wave-length’’ measured by bisecting the images. It was then 
suspected that the effect could be due to an increase of absorption 
with stellar luminosity in the heavily winged lines of iron in the 
region A 3870-A 3890. 

It has been found recently, however, that the effect is without 
doubt due to a variation in strength with stellar luminosity in the 
strong “‘cyanogen”’ band with its first head at A 3883. On spectra 
of stars of different types and luminosities photographed with a 
slitless quartz spectrograph’? on the Crossley reflector of the Lick 
Observatory three similarly behaving absorption regions were 
found to coincide with the three “‘cyanogen”’ bands with first heads 
at AA 4216, 3883, and 3590. The band at A 3883 is by far the 
strongest; the point most sensitive to changes in luminosity seems 
to be the region around and between the two heads at 3871 and 
3883. Of the two other bands, that at \ 3590 seems to be some- 
what stronger. The band at \ 4606 seems to be too faint to be 
identified with certainty. 

The spectra of the following stars were photographed; the 
spectral types and absolute magnitudes are from the new list of 
spectroscopic parallaxes* by Adams and his collaborators. 


t Astrophysical Journal, 49, 289, 1919; Upsala Universitets Arsskrift, 1920. 
2 This instrument is described by W. H. Wright in the Lick Observatory Bulletin, 
9, 52, 1917. 


3 Mt. Wilson Contr., No. 199; Astrophysical Journal, 53, 13, 1921. 
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wEAO. .2..c60555 FH @8 ee Kz,- 6.2 
ep TSO... ccccece FR 8.9 ere K3, 6.4 
Be i vet eunnws G1, 4.5 64 aenanai K4, 1.0 
Boss 2338.......... G3, —1.0 i, 5 n K4, 4 
oe errr G6, 5.2 Be BON os kc ccna Rs, 7.2 
0 ee G6, 0.0 ne Ma, 10.5 
e Geminorum....... G8, —1.4 EG cc dcunces Ma, —o.2 
8 Geminorum........ Go, 1.7 a Ma, —3.8 
he ee Go, 1.4 


The development of the bands is at a maximum for giant stars 
of types between Gs5 and Ks, and diminishes strongly toward the 
F and M types. In the dwarf stars of all types the bands are only 
faintly developed. 

The absorption in the band at A 3883 has been investigated 
here for stars of known spectroscopic parallax by means of the 6° 
objective prism on the ro-inch refractor. ‘The method employed is 
analogous to that used for the A stars described in the first part of 
this paper. This investigation was carried out before the identifica- 
tion with the “‘cyanogen” band had been made. The two regions 
of the spectrum immediately adjacent to \ 3889 were compared in 
series of images taken with decreasing exposure-time to determine 
the exposure-ratio for equal photographic density in the two regions. 
The maximum effect seems to be in spectral types G8—Ko, where 
the difference in exposure-ratio between average giants and dwarfs 
corresponds to nearly a magnitude. The effect decreases rapidly 
from G5 to Go. The Cepheids and pseudo-Cepheids have a some- 
what peculiar position with even less contrast at 43889 than dwarfs 
of the same spectral type. ‘The smoothness of the spectrum around 
the H¢ line for these stars is probably due to the disappearance of 
the wings of the strong absorption lines following the advance of 
the spectrum toward Miss Maury’s c-stage. 

There is a very decided disadvantage, however, in the fact that 
the region in question is situated so far in the violet that for the 
redder stars the exposures must be made considerably longer. 
The band at 4216, though weaker, is much more favorable 
in this particular, and an investigation of it was therefore begun 
with the same instrumental arrangement. The region most 
strongly affected by this band lies between Ad 4144 and 4184. 
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This region of 40 A width, corresponding to about 0.09 mm on the 
plate, has been compared with that at \ 4227-A 4272 as standard. 
The regions in question are easily identified with sufficient accuracy 
by estimating the distances from the G-band and the line \ 4227, 
which are conspicuous features of the spectra even with very low 
dispersion. For the dwarfs of types K5—M the intensity in the 
second region mentioned is probably somewhat modified by the 
wings of \ 4227 which produce an additional effect of luminosity 
on the exposure-ratio in the same direction as the effect of the “‘cyan- 
ogen” absorption in the first region. No special efforts were made 
to determine Schwarzschild’s constant for the plates. The results 
obtained from the investigation of the A stars indicate that generally 
the changes in the constant are small and do not increase materially 
the probable error of the measured exposure-ratio, but that rather 
large changes may occur, especially from one emulsion to another. 
In this case several stars were measured on each plate, and system- 
atic errors of large size ought to show in the residuals from the 
curves. The means of the residuals for the individual plates are 
found to be small, however. 

As before, the plates used were Seed 23, size 8X10 inches, with 
X-ray developer. Images more than 3.6 inches from the center 
were excluded. The focus was set near \ 4200, and is tolerably 
constant over most of this area. Even within the adopted limit 
of distance, however, some images must be excluded by reason of 
distortion or bad focus, because the field has not exact symmetry 
of rotation with reference to the plate center. 

A scheme for classifying the objective-prism spectra was devel- 
oped by using types determined by Adams and his collaborators 
as standards. The classification is based on the appearance and 
relative strength of the hydrogen lines, the K line of calcium, the 
d 4227 line of calcium, the titanium-oxide bands, and the general 
energy-distribution in the spectrum. Since the decrease of the 
hydrogen lines and the increase of \ 4227 with advancing spectral 
type proceed more rapidly in the dwarf series, while the increase of 
redness takes place faster in the giant series, and since \ 4227 has 
enormous strength in dwarfs of types K5—M, these characteristics 
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TABLE VII 
































Boss or Cin. No. Vie’ Mag. Spectrum M log E n Pg al 

Cc 6.5 G8 0.4 0.25 6 G8g 
ree 4.8 K3 0.6 0.27 8 Kog 

ae 5-9 Ko 4.2 0.16 4 K2 
See 6.5 G8 °.9 0.26 7 G8g 
BOO 5 -cise:s 4.9 Ma —0.3 0.18 8 Mag 
C 2669.55... 7.9 K2 6.4 0.1 4 Kod 
ner 6.2 K4 0.5 0.25 4 Ksg 
3537------ 5-7 K3 0.4 0.25 4 K2g 
CS ee 6.3 Fo 4.3 0.12 6 Gsd 
a ee 5-5 K2 [2 0.27 5 K2g 
ae 5.6 G2 4.7 0.12 7 Gsd 
} ee: are $.3 G6 0.0 0.19 5 Gsg 
ee 6.7 G8 4.7 0.13 7 Kod 
ee -_ Ks 0.8 0.24 7 Ksg 
re 3.4 K2 0.6 0.26 5 Kog 
| Pee 5.9 Ma 0.2 0.22 4 Mag 
a ee 5.0 K5 0.2 ©. 29 5 K2g 
ee) ee 4.4 G2 —1.4 0.27 4 Gsg 
Pe a E> 7-9. 0.05 6 Ksd 

M [5.3 I >. 3| . ‘ - 
Co ee 5.3 Ke 6.3/ 0.12 7 Kod 
OSTOs 2605 6.7 K4 7.3 0.08 5 Ksd 

eT ee 6.3 Ki £3 0.24 3 Ko 

eT eee 4.3 Ag 1.6 0.12 4 F2 
C 2322 7.9 Ks 8.0 —0.02 4 Ksd 
Lal 47905 ..... 7.2 K2 2.1 0.25 4 Ksg 

he (4. Ko 5.8)| 

| eT, ae + K4 78h 0.10 6 G8&d 
ae 4-7 G6 —o.1 0.27 6 G8g 

ee awa | F4 2.8 0.12 6 Fs 
SS ore 6.1 G2 —0.3 0.20 6 Gsg 
eee 4.9 Gs —0.5 ©.20 9 Gog 

3.4 G8 2.5 0.15 5 G8 
A. G. Leip. 8449...... 7.6 K2 0.8 0.33 5 K2g 
4060...... 5.7 Go —o.8 ©. 22 9 Gog 
C o0e:....- 7.9 Gs -< o.11 5 Gsd 
We. cies 8.5 Go 2.3 0.10 6 Gsd 
A. G. Leip. 8507...... 8.9 G2 <.9 0.14 5 Gsd 
oe 5.4 Go r.7 0.21 5 Kog 
A. G. Leip. 985... . 7.6 Ma 1.5 0.16 3 Mag 
46088...... 6.5 G8 2.8 0.22 3 Kog 
ee 5.4 Fo 26 | ©.55 6 A-F 

| 
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TABLE VII—Continued 





























Boss or Cin. No. | \ hag . | Spectrum | M log E n Ob} Prism 
C a2666...... 8.8 | Mb | 10.7 —0.09 3 | Mbd 
4800.... 4.5 Mb | —1.2 0.15 8 | Mbg 
eee | --* F8 0.3 0.13 5 | F8 
re 4.2 Ki | eo 0.28 | rr | Kog 
ogg | 6.0 G4 | 2.9 0.10 10 | Gsd 
4892..... 6.8 G4 ..% oie |. 3 G2d 
4893..... | 6.6 G6 | 5.7 0.12 | 3 G2d 
QBOB8. 2... 5-7 G8 | —1.4 0.28 | 12 G8g 
401O...... 6.3 G8 | 2.5 0.24 | 2 Gsg 
Po | 4.5 Ko | 0.2 0.29 | 8 K2g 
| | | | 
@000....... | 6.0 F4 | 2.8 0.12 3 | =*F8 
4040...... | 4.6 K4 i ©.s 0. 26 4 K 3g 
4950 2.3 G8 e.2 0.13 5 Gsd 
ae |} 4.8 Go 5.8 | 0.09 Se 7 G8d 
oe 4.4 | G8& | oo | 0.22 6 | G8 
| | | 
CS 3.8 | Ma 0.2 O.%1 5 | Mag 
Ce 4.0 | G2 | 0.7 0.13 6 | Gsg 
Co ee 4.9 Go i 0.8 0.18 5 | G8&g 
ae | 3-9 G8 3-9 0.13 5 G8 
ee |} 5-8 ip | —32.5 0.20 4 Gs pg 
} | 
6xe8...... | 3.7 | K6 | os 0.25 6 | Ksg 
ae | 5.6 | Be 0.5 0.14 5 Mbg 
— | 4.6 | Mb 0.3 0.13 | 8 | Mbg 
SS. BOB. cmc 7.2 G8 5.6 0.13 | 2 | G8d 
rar 5.6 G8 0.0 0.27 | 2 | Keg 
ae “.9 K2 5.9 0.13 6 K2d 
(ee 4.0 Gop —2.0 0. 23 4 | Gpg 
CSI. % 00 6.1 G2 ‘2 0.06 32 | Gsd 
ee 2.3 Gop —3.0 0.2 5 Gpg 
a 6.3 G8 6.2 0.12 4 | G8d 
ee 6.0 “5 3.6 0.13 2 5 
CS ee 3.6 G8 3.2 0.18 5 G8g 
a ae 8.6 Ma 9-4 —0O.O1 3 Md 
ae Se 6.6 F7 3.9 0.10 9 5 
ee 6.2 G8 <5 0. 26 7 Kog 
ne 3.9 K2p —2.9 0.2 4 K pg 
Oe ee 5.6 K7 8.3 0.09 9 Ksd 
ee eee 6.3 K8 8.7 0.05 | 7 Mad 




















alone will suffice in a great number of cases to determine the spectral 
type and to decide whether the star is a giant or a dwarf. From 
type Go on, however, the degree of the “cyanogen” absorption 
must be taken into account, and the approximate luminosity will 
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be obtained with the aid of log E. The spectra used are 
narrow and, in what concerns the visibility of the lines, are 
inferior to widened images, but this has been at least partly 
compensated by the large number of images with different inten- 
sities usually available. For spectral types Go—Ko both the hydro- 
gen lines and \ 4227 are only faintly visible, but a fairly good 
discrimination between the stages Go, G5, and G8-Ko seems to be 
possible. Four Cepheids and pseudo-Cepheids among the stars 
observed were recognized as peculiar stars mainly by the abnormal 
strength of the hydrogen lines. 

The results of the measurements and classifications are given in 
Table VII. The first four columns contain data from the list of 
spectroscopic parallaxes. The fifth column gives log E£, the loga- 
rithmic exposure-ratio for equal intensities in the two regions 
\ 4144-A 4184 and \ 4227-4272, the former being situated in the 
densest part of the “‘cyanogen” band; » is the number of images 
used for determining log E. The last column gives the spectral 
type as determined from the objective-prism spectra, in most cases 
without knowledge of the more accurate values of the type in the 
third column. An added g or d indicates a giant or a dwarf, 
respectively. This estimation of luminosity is made mainly from 
the value of log E according to the curves in Figures 3 and 4, the 
value of the spectral type estimated from the objective-prism 
spectra being used as argument. The individual results given in 
the last column are therefore directly dependent only on the data 
secured from the low dispersion spectra. The good agreement 
between these results and the spectral type and absolute magnitude 
in the third and fourth columns seems to give promise of the 
usefulness of the method. 

Figure 3 gives the relation between log E and the absolute 
magnitude for stars of types Ag to K2, Figure 4 for types 
K2-Mc. The curves drawn representing the different types have 
only provisional significance. Figure 5 gives log E as a function 
of the spectral type, different degrees of luminosity being repre- 
sented by different notations. It is evident from these diagrams 
that the effect of the “‘cyanogen”’ band reaches a maximum near 


Type K2 and decreases toward Go and M. The analogy between 
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Fic. 3.—Logarithmic exposure-ratio for the regions Ad 4144-4184, 4227-4272, 
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Figure 5 and the diagram for the minimum wave-length of the 
grating-spectra’ is very striking. The advantage of the present 
diagram, however, lies in the circumstance that the effect of the 
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Fic. 4.—Logarithmic exposure-ratio for the regions Ad 4144-4184, 4227-4272, 
and absolute magnitude. Spectral types K2-Mc. 


regular change in the energy-distribution in the spectrum due to 
the change of temperature in the spectral series has practically no 
effect on log E, owing to the closeness of the two compared regions. 
Except for the position of the Cepheids and pseudo-Cepheids the 


t Loc. cit. 
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correspondence is nearly perfect between Figure 5 and a similarly 
arranged diagram for the absorption in the A 3883 band. The 
variation in log £ for the stronger ultra-violet band is, however, 
about 2.3 times as large as for the 4 4216 band. The increase of 
the effect from G8 to K2 probably explains the correlation of the 
absorption in the bands with the line \ 4227 found by Miss Maury 
in type XV. 

The rapid decrease of the effect toward Go, especially for stars 
with M between o and-+1, is a disadvantage for a more accurate 
determination of luminosity. On the other hand, stars of this 
brightness, between types Fo and G2, seem to be very scarce. 
Most of the giants in this interval of spectral type given in the list 
of 1646 spectroscopic parallaxes, for example, are Cepheids or 
pseudo-Cepheids and of much higher luminosity. 

The Cepheid variables and the pseudo-Cepheids seem to have 
an abnormally small absorption in the regions of the “cyanogen” 
bands; it is somewhat stronger, however, in the region of the 
4216 band than in that of the A 3883 band. In the case of the 
former band the stars still fall among the ordinary giants in the 
diagram in Figure 5, but in the case of the ultra-violet band, as 
mentioned before, they lie even below the dwarfs. 

From K2 to M there is a general decrease of log E; the difference 
between giants and dwarfs is still well accentuated. The extent to 
which this difference is still due to ‘‘cyanogen”’ absorption in type 
M seems to be uncertain. For this type the line \ 4227, strong in the 
dwarfs, and the hydrogen lines, which are strong in the giants," 
give a reliable criterion of the order of magnitude of the luminosity. 
The titanium-oxide bands characterizing type M are generally 
well developed in the objective-prism spectra. An observation of 
importance to be made from Figure 5 is that stars with log E>0.17 
are giants. 

An application of the preceding principles to stars of faint 
apparent magnitudes in a few rich regions has been made with a 
small focal-plane spectrograph attached to the 60-inch reflector. 
The spectrograph has a 64° U.V. prism; the focal lengths of colli- 
mator and camera are about 6 inches. The dispersion gives 1.51 


* See various papers by Adams and his associates on the spectroscopic method. 
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mm between Hy and Hé, and is 2.8 times that of the objective- 
prism spectra. The slit was removed, thus giving a field about 
9’ XQ’, of which about two-thirds is in good enough focus to be 
used. The objects investigated were the clusters M 11 and 13, 
and a few fields in Selected Areas Nos. 63 and 64 in the Cygnus 
region. A list of the photographs is given in Table VIII. Seed 
30 plates were used, except for No. 33, which is Seed 23. All the 
plates were taken during good seeing, estimated about 5 and 6 ona 
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Fic. 5.—Logarithmic exposure-ratio for the regions A 4144-4184, 4227-42 
and spectral type. 


scale of 10 in most cases. The last column gives for the Selected 
Area plates the number of the star in the Harvard Durchmusterung' 
which is nearest to the center of the field. 

Messier 11, R. A. 18°46™, Decl. — 6°23’ (1900).—This well-known 
open cluster, situated in the bright galactic clouds in Scutum 
Sobieski, is very rich in stars, several hundred being brighter 
than the fourteenth magnitude. Magnitudes and colors for a 
largenumber of stars in the cluster have been determined by 





Shapley.” 


t “Turchmusterung of Selected Areas,” Harvard Annals, 101, 1918. 


2 Mt. Wilson Contr., No. 126; Astrophysical Journal, 45, 164, 1917. 
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Table IX gives the results of the classification of spectra for 
eighty-five stars in the cluster. A great many stars which are 
sufficiently bright have their images superposed, thus making 
estimates of their spectral types impossible. For early types the 
classification is based on the strength of the K line relative to the 
hydrogen lines; for the late types the spectra have been compared 
with spectrograms of stars with known spectroscopic parallaxes, 
photographed with the same instrumental arrangement on the same 


TABLE VIII 


LisT OF PLATES 





x ——————————————— 




















Plate No | Object | Date Exposure-Time Harvard No. 

og Giutate epi oed | Sel. Area 63 1921 May 10 r43™ | 527 
oti ccccsaaies | Sel. Area 63 May 11 2 55 527 
ee Messier 11 Aug. 2 ae aoe 
a onesies Messier 11 Aug. 2 20 

ee Messier 11 | Aug. 2 : ews 
BD.cccccccecs) OGL Aren 6a Aug. 2 4:0 666 

ar ton aan Messier 13 Aug. 3 I 30 ees 
. ee eee Sel. Area 64 Aug. 3 4 2 509 
eer | Sel. Area 64 | Sept. 4 3 30 1029 
Eee wsasieoam | Sel. Area 64 Sept. 5 4 37 454 





kind of plates. The numbers are those of Stratonoff'; the photo- 
graphic magnitudes are according to Shapley. The letter d after 
the spectral type means for an A-type star that the spectrum shows 
a marked energy-fall at \ 3907, thus indicating a relatively low 
luminosity (M>1.5); for later types a g indicates giant character- 
istics, in this case strong “cyanogen” absorption in the region 
\ 4144-A 4184. 

The giants of types Ko—K2 in Table [X have nearly the same 
apparent magnitude. The estimate M=o for their absolute 
magnitude seems to be fair, judging from the very marked “‘cyan- 
ogen”’ absorption in their spectra. The mean photographic magni- 
tude of the four stars Nos. 252, 423, 666, 674, is 13.32. Witha 
mean color-index somewhat exceeding unity, we find the modulus 
M-—wm to be nearly equal to —12. 


t Publications de l’Observatoire de Tachkent, No. 1, 1899. 
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The two brightest A stars in Table IX, Nos. 545 and 437, show 
| sharp lines suggesting very high luminosity. With the value 
M —m=-—12 their absolute magnitudes would be —2.8 and—o.s5, 


TABLE IX 


MESSIER II 






































No. Pg. Mag. | — } No. | Pg. Mag. — | No. Pg. Mag. — 
1} | << 
| i] 
ERE Ao || 365...| r$.$2 Ao 571....| 13.16 Ao 
Se, eee | A2 | 366... | 13.02 Ao 579. (Triple) | Aod 
204. 13.38 | Ao | 375 12.54 | Ao 581 11.85 Ao 
214.. 13.48 Ao 377 13.604 Ao | 583. 13.84 A2d 
221.. 13.07 | Ao 381 12.44] Ao | 590. 13.04 | (G8g)? 
' 1} 
224.. 13.56 | Aod 405...| 13.18 | Ao | 592 14.22 | Aod 
227.. 12.06 | Ao || 407...| 11.93 | Ao 597. 12.78 | A2 
233... 12.22 - 423 13.40 oe | 598. 13.02 yoy 
236 13.07 Ao | 425...] 12.62] A2 590. 12.40 | Ao 
237 11.74 Ao 1! 4260...) 13.21 Aod ? 1 601. 11.69 F? 
| 
245.. 12.15 Ao | 437 11.46 | Ao | 616. 13.89 | Aad 
252. 13.08 Kg || 4390 13.64 | Ao | 617 13.25 | Ao 
267. 13.26 | Ao 460 12.97 | Ao || 630 13.54 | Ao 
73... 13.00 Ao ; 462...| 12.970 Ao | 631. 12.46 Ao 
274. 14.32 A2d? || 464...| 13.04 Ao ] 633. 13.37 Ao 
i} 
280.. 13.01 G8g 468 | 13.91 A2d? || 635. 13.23 Ao 
285.. 3.08 Ao 486...| 12.85 | Ao | 647. 12.66 Ao 
288... 2.78 A3 487 a 12.39 | A2 || 662 12.47 Ao 
207 12.44 | Ao 490...| 13.12 | Ao | 663 II.90 Asd 
307 20} A2d || 491...| 12.33 | Ao || 666 13.45 Kog 
310.. 13.04 Aod? || 404 | 12.32 | Ao | 672 12.50 Ao 
322 13.46:| Ao ES seeigienihe | G8g 674 13.28 | Kg 
325 13.04 A2 519...| 13.30 | Ao | ES eingees Aod ? 
331 12.2 Ao 525 | 12.08 | Ao _ | oC ae PES ee Ao 
336 12.08 Ao 529.. | 3.48 Aod ? ] 762 Je sseeeee K2g 
| 
$67..:...] 29.421] Ao Tl Sas... 9.32 AS eer fererere corre cae 
sac...) £26.08 Ao || 548 12.23 Ao | Roe Seernereer ameenrcer ay 
356....] 12.60] Ao ] $SS.--] 84.90 | AOE? Tonos ececfecevecscleesesens 
362....] 13.68 | Ao ] 568...) 13.31 Ao RO FA eee 
364....] 12.73 | G8 } 569. | 13.26 | Ao | aed te doe eer. Serres 
| | 





respectively. 


lines. 


The remaining 
Between photographic 


A stars have fairly broad hydrogen 


magnitude 11.8 and 13.5 the energy- 


distribution around \ 3907 was found to be smooth, except for star 
No..663; with the value of M—m found above, those limits will 
correspond to M=—o.2 and M=+1.5. 


The faintest A stars in 


the tables show indications of a more abrupt fall of intensity at 
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A 3907. For Nos. 224, 307, 592, 616, where this is most noticeable, 
we find for M the values of 1.6, 2.3, 2.2, 2.1, respectively, which 
are in good agreement with the results for the A stars in the first 
part of this paper. The A5 star No. 663, photographic magnitude 
11.90, is probably a relatively near star, superposed on the cluster. 
The spectra of the four faint A stars just mentioned are rather weak, 
and no definite conclusions can be drawn from those stars alone, 
but the indications are that the value M—m = —12 deserves a fair 
degree of confidence. Adopting this value we find for the parallax 
of the cluster t=0"%00025, corresponding to a distance of 4000 
parsec or 13,000 light-years. Shapley,’ obtaining a value by 
an entirely different method, finds t=o"’00014. In view of the 
uncertainties affecting the two determinations the difference cannot 
be considered as by any means excessive. 

Globular clusters —On Plate No. 50 three of the brightest stars 
in the globular cluster Messier 13 are sufficiently well separated 
from other stars to permit an examination of their spectra. They 
are the Scheiner Nos. 47, 63, 127. Shapley? gives the photographic 
magnitudes 13.45, 13.70, 13.58, and the color-indices 1.41, 1.16, 
1.42. With the parallax =o*%oo0o0og0' the absolute magnitudes are 
— 3.19, —2.69, —3.07, respectively. These stars seem to be of a 
spectral type not far from Ko, but show a much smaller absorption 
in the region of the ‘“‘cyanogen”’ band than the late-type stars in 
Messier 11. This agrees with the degree of luminosity found by 
Shapley, if the stars are pseudo-Cepheids; if they are ordinary 
giants we should estimate the absolute magnitude around+1. 
Low dispersion slit spectrograms of some stars in Messier 13 on a 
plate taken by Mr. Pease, and of stars in Messier 3 on a plate taken 
by Mr. Sanford, exposure-times 30 and 20%, respectively, seem 
rather to confirm the high degree of luminosity. The stars of 
earlier type on the first mentioned plate seem to have no appreciable 
change of intensity at \ 3907, and for the late-type stars on the 
latter plate, especially for the star von Zeipel No. 752, photographic 
magnitude 13.96, color-index 1.42, absolute magnitude according to 

* Proceedings of the National Academy of Sciences, 5, 344, 1919. 


2 Mt. Wilson Contr., No. 116. 
3 Shapley, Mt. Wilson Contr., No. 152; Astrophysical Journal, 48, 154, 1918. 
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Shapley — 3.18, the depression between \ 4100 and \ 4227 seems to 
be centered around Hé and \ 4172 rather than in the ‘‘cyanogen”’ 
band, observations in favor of a classification in the Pseudo- 
Cepheid type. : 
Selected Areas 
No. 63, R.A. 190™, Decl.+30°0’, (1900) 
No. 64, R.A. 19"58™, Decl.+30°0’. 


TABLE X 


SELECTED AREAS 63 AND 64 














| | } 
— Pg. Mag — | 7: Pg. Mag. — | sy Pg. Mag. — 

I}. 
Area 63| | ; lls0q....| 14.5 Ao | 710.. | 12.87 Ao 
ria 13.20 K3g \|52 ---| 14.0 A2 719...| 14.40 K2g 
513 12.61 Gsd_|/535..--] 12.5 Ao 726...) 14.26 K2g 
518 | 9.61 Ao |581....] 12.5 Bo 733...) 22.701 Ao 
519 10.50 As ||583 | 312.0 Ao 744...| 13.06 F8 
Sa | 12.43 God || | 

| 603....| 13.6 A2 748. 18.38 Ao 
539.. 11.86 Asd_ ||611... 13.8 F8 | 767...| 12.10 Gsd 
546 | 13.43 | Kag 619 14.6 Ao 1005...| 11.3 Ao 

1623....] 14.2 Ao | 1007. 10.6 Ao 
Area 64 H629....| 23.7 Ao eony...| E%.% Kog 
430....| 14.6 A 1] 
a ee oe K2g |/646....] 11.3 G8g_ || 1020...| 13.9 K2g 
as6....4 23,8 Fsg ||661....| 14.1 Ao |} 1021...] 13.6 B? 
642....1 23.2 G8d ||667....| 14.18 Ksg 1026...) 10.9 Fo 
463....1 8 F8d_ |/668....| 13.0 F8d || 1027...| 13.8 God 

HO7E....) 84.28 Kog |} 1028...] 13.3 Ao 
445....] 14.0 Ksg | 1 
4a8....] %3.9 Gsd_||677 | 13.31 Ao || 1104...) 11.8 A2d 
476... 13.5 Gsd_ ||680 13.86 Kog 
ri ee aS Ao ||682 13.64 Gsd_ | 
400...:) 2:7 Gsd__||702 | 3.8% K2g_ || 
||706 | 10.52] A2 | 

















The results of classification for fifty-two stars in Selected 
Areas 63 and 64 are given in Table X. The numbers are according 
to the Harvard Durchmusterung. The photographic magnitudes for 
the central fields are according to unpublished Mount Wilson 
measures; for stars more distant from the center of the area the 
Harvard magnitudes have been reduced to the Mount Wilson 
system, and are given to only one decimal. 

These two areas are situated in very rich galactic regions. 
There are eleven late-type stars classified as dwarfs in Table X, 
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which as a group may be considered to be the nearest stars in the 
region. Of the remaining more distant stars twenty-eight are 
fainter than the thirteenth magnitude, twelve of which are found to 
be giants of types Ko-Ks5, a remarkably high percentage. These 
late-type giants range in photographic magnitudes from 13.1 to 
14.4, With a mean of 13.8. With a mean color-index of 1.2 and an 
absolute visual magnitude of 0.5 they should be at the same distance 
as Mur, about 4ooo parsecs. If Mur is associated with the 
galactic clouds in Scutum, the inference would be that these giant 
stars together with some of the A stars are members of the distant 
galactic cloud in Cygnus. 

I wish to express my deep feeling of obligation to Director Hale 
for the opportunity to undertake this investigation during a stay 
of more than a year at the Observatory, and also to several members 
of the staff, especially Mr. Adams and Mr. Seares, for much valuable 
information and advice. I also wish to express my gratitude to 
Director Campbell for a month’s stay at the Lick Observatory, 
and to Mr. Wright for his kind help and instruction in the work 
with the Crossley reflector. 

MovuntT WILSON OBSERVATORY 

October 1921 





























THE THEORY OF IONIZATION AND THE SUN-SPOT 
SPECTRUM" 
By HENRY NORRIS RUSSELL? 
ABSTRACT 


Saha’s theory of temperature ionization, assuming the ionization to be due to 
temperature alone, leads to the relation: Px?/(1-x?)=K; that is, the ratio of the 
fraction of atoms ionized (x) to the fraction un-ionized (1—.), times the partial pressure 
of the free electrons [Px/(1+-x)], is equal to K, a function only of the ionization voltage 
I and of the absolute temperature 7, namely: logy K = —5036 1/T+2.5 log T—6.5. 
The theory is here extended to mixtures of elements by putting the partial pressure of 
the electrons equal to Px/(1+ x) where x is the fraction of ionization for all the atoms 
present, and P, as before, is the total pressure. Hence, Px, x/(1—2x,)(1+x)=K;; 
Px, x/(1—x,)(1+x)=K,; etc.; and the ratio of x,/(1—.x,;) to x,/(1-x,) is merely K,/K;. 
Therefore the degree of ionization is always higher for an element of easy than for one of 
difficult ionization, and the relation between the two depends only on (J,—J,;) and on T, 
and not on the pressure or on the relative concentrations. Saha’s formulae for second- 
stage ionization are corrected. Only two successive stages of ionization can be present in 
any considerable proportions at the same time. Strong evidence in favor of the theory 
is afiorded by a comparison of the sun-spot and the solar spectrum, since the predictions 
of the theory with reference to the relative intensity in the hotter and the cooler 
spectrum, of lines associated with ionized and un-ionized atoms, are found to be in 
general agreement with the facts. However, discrepancies such as the presence of too 
large a fraction of ionized Ba atoms, suggest the need of some modification of the 
theory; and it is evidently incomplete, since it neglects the effects of radiation on 
ionization. 

Relative intensity in solar and sun-spot spectra of series lines——The lines of the 
alkali metals (all of which are due to the neutral atoms) are greatly strengthened in 
the spot spectrum. Na (J=5.11 volts) exhibits its principal and subordinate series, 
K (4.32) the principal series alone, and Li (5.37) and Rb (4.16) the leading pair of the 
principal series, and only in the spot spectrum. The corresponding lines of Cs are 
out of reach in the infra-red. 

Among the alkaline earths the lines of the neutral atom for Ca (6.08 volts) are 
strengthened in the spots to a degree which is greatest for the principal series and 
least for the combination series. The corresponding lines of Sr (5.67) are faint in 
the sun and much strengthened in spots. For Ba (5.12 volts) they are absent both 
in sun and spots. The enhanced lines arising from the ionized atoms (Ca+, Sr+, 
Ba+) are strong in both spectra. 

For Mg (7.65 volts) the lines of the neutral atom are little affected, except that 
the fundamental line 1S—2p, is stronger, while for Zn (9.4 volts) the arc lines are 
much weaker in the spot spectrum. 

These results are all in agreement with Saha’s theory. The lines of Li and Ba, 
however, are much weaker than the theory indicates. 

Relative intensity of arc and enhanced lines.—It is pointed out that enhanced lines 
of easily ionized elements can be produced with less excitation than arc lines of dif- 
ficultly ionized elements. This fact explains many apparent anomalies in astrophysical 
spectra. 

Ionization potential of the elements as a function of atomic number.—Since from the 
relative behavior in sun, spot, and furnace spectra, of the lines of Ca, Sc, Ti, V, Cr, 


* Contributions from the Mount Wilson Observatory, No. 225. 
2 Research Associate of the Mount Wilson Observatory. 
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Mn, Fe, Co, Ni, Cu, and Zn, the elements as arranged in the order of their atomic 
numbers, are progressively more difficult to excite spectroscopically, the ionization 
potential probably increases regularly from 6 volts for Ca to 9.4 volts for Zn, and this 
result combined with other data suggests that, in general, the ionization potential is 
a periodic function of the atomic number. 

Identification of certain solar lines.—Lines of Rb have been detected in the sun 
for the first time. Also several faint Na lines have been identified and Datta’s identifi- 
cations of Na and K lines have been partly confirmed, partly not. 

Tables of the series lines of Li, Na, K, Rb, Cs, Ca, Sr, Ba, Mg, and Zn are given 
with intensities in sun and spot, and wave-lengths in international units to o.o1 A. 

Dr. Megh Nad Saha, in an important series of papers," has shown 
the great importance of the modern thermodynamic theory of 
ionization in astrophysical and spectroscopic researches. In 
particular, he makes certain predictions about the behavior of the 
lines of the alkali metals in the spectra of sun-spots. The present 
communication deals with certain points connected with the theory, 
especially when many kinds of atoms are present at the same time, 
and with the observational verification of the predictions, which 
has been complete. 


I. THE THEORY OF IONIZATION WHEN ATOMS OF SEVERAL 
KINDS ARE PRESENT 
The equation of the ‘‘reaction isobar”’ as given by Saha? in the 
case of the ionization of a gas consisting of atoms of but a single 
kind ‘s 
L 
7 


; pt2-s log T-6.5 (1) 


A 
log -P=log K=— 
>t — 2 4. 


U1 


where the logarithms are to the base ro, P is the pressure of the gas, 
x the fraction of all the atoms which are ionized, T the absolute 
temperature centigrade, and U the “‘heat of ionization” in calories 
per gram-molecule. For the gas in question, the latter is propor- 
tional to the ionization potential, J, being 23,020 calories if J is one 
volt, so that we may also write 

x K __ 50361 


no ga . log K= r 


+2.5 log T—6.5. (2) 
t “Tonization in the Solar Atmosphere,” Philosophical Magazine, 40, 472, 1920; 
“Elements in the Sun,” ibid., 40, 809, 1920; “On the Temperature Radiation of 
Gases,” ibid., 41, 267, 1921; “On a Physical Theory of Stellar Spectra,”’ Proceedings 
of the Royal Society, A, 99, 135, 1921. 
2 Philosophical Magazine, 40, 479, 1920. 
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If atoms of several different kinds, all capable of ionization, are 
present, the situation is somewhat more complicated. To use 
equation (1), introducing for P the value of the partial pressure 
of the vapor of each element separately, is inadmissible, since one 
of the products of the reaction—free electrons—is produced by all 
the ionizations. But if p’ is the partial pressure of the ionized 
atoms of any sort, p that of the corresponding non-ionized atoms, 
and p” that of the free electrons, we will always have 


p’p” = 
> =% (3) 
when K is given by (2). 

If now atoms of several kinds are present in the relative numbers 
dy, a2, a; .... and the fractions x,, x,, x, ... . of these are 
ionized, the whole number of atoms and free electrons present 
will be a,(1+4,)+a,(1+,) ... . and the partial pressures for 
element 1 will be 


"= a,x; “ _ @,(I—2;) 
* a+ Zax *  Da+ Dax 


(P being as before the whole pressure of the gas), while for the free 
electrons we will have 


= Lax _ 8» 
[ La+ Zax I+x 
where 
- 
Dax 
t=. ( 
Ya 4) 


x is therefore the fraction of all the atoms present which are 
ionized, and may be regarded as a weighted mean of the values of 
x for the individual elements. 

Equation (3) then becomes for the various elements 

Xs x _K, Xo x _K, 
I—x,1+x P’ I—%,1+x P’ 


where K,, K, are given by (2) with the ionization potentials for 
the elements concerned. 
We then have 
X: Ke & ce T,—T, 


I—%; = | a I—X, ’ = 5036 - (6) 








KR 
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or, expressed verbally: The ratios of the number of ionized atoms to 
that of non-ionized atoms for any two elements in a gaseous mixture 
bear a fixed proportion to one another, which depends only on the tem- 
perature, and is independent of the pressure, the relative abundance 
of the two elements, or the presence of other elements. 

These latter conditions affect the amount of ionization, without 
modifying this proportion. The element of lower ionization poten- 
tial is always the more highly ionized. 

We may write (5) in the form 


a _K, 
1—x2 P,’ 
where 
P.=p* I+%, (7) 
X, I+% ‘ 


If x,>x, that is, if the element is more easily ionized than the 
average, P, will be less than P, and the percentage of ionization 
will be greater than it would be if this element alone were present, 
with the same total pressure. For elements ionized with more 
difficulty than the average, the reverse will be the case. 

The ionization will in all cases be less than if this element 
were present alone with its actual partial pressure, for p’’, in equa- 
tion (3), will always be greater than the partial pressure p; of the 
electrons arising from the dissociation of this one component of 
the mixture. 

When ionization is just beginning all the x’s will be small, and 
we will have approximately 


K, ‘ x,2aK 
X,=— %;, etc. s=—>= 
. K,>a 
x a; Ka. , ho 
P,=/f =P (2+ * + mt : eo ° 
X- Za\ Kya, K,a, 


The factor outside the parentheses is the partial pressure of 
constituent 1. It follows that at the beginning of ionization the 
constituent of lowest ionization potential behaves very nearly as if 
it alone were present at its actual partial pressure. For constituents 
more difficult of ionization the initial ionization is less, and may be 
very much smaller. 
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When the ionization of any element is nearly complete, we may 

set x,=1 in (7) and find 
2x 
Fae mt 

The effective pressure for this element is therefore nearly equal 
to the total pressure (unless a large proportion of atoms of more 
difficult ionization is present). 

For an element of easy ionization the range of temperature or 
pressure within which both ionized and uncharged atoms will be 
present in sensible proportions is therefore extended by the presence 
of other constituents in the mixture. 

For an element of difficult ionization, x, will be much less than 
x and P, greater than P, when ionization is beginning. The range 
within which both phases are present will in this case be reduced. 


If we set 
2? K 
I1—x P 
we find easily 
I—-X .1I-%x -I-x YaK(1-—*x 
K——«K — “=k, oe ee Oe ) 
x Xy Xa Dax 
-_ LaK(1—2) 
Ya(1—-x) 


so that A is the mean of the individual K’s, weighted in proportion 
to the number of non-ionized atoms remaining. At low tempera- 
tures, the atoms of easy ionization, which have the largest values 
of K, will contribute most to this mean; but at high temperatures 
these will be ionized, and the atoms of difficult ionization will 
contribute most. The effective mean ionization potential, cor- 
responding to the value of A, will therefore increase with the 
temperature. 

Successive ionization.—Consider now atoms of the same kind, 
which are susceptible of the loss of two successive electrons. Let 
the ionization potential for the removal of the first be J and the 
additional potential for the second be J’. If x is the proportion 
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of singly-ionized and y of doubly-ionized atoms, that of free elec- 
trons will be x+2y, and we will have’ 
x(x+2y) K ) 
(r1—x—y)(1+2+2y) P 
y(x+2y) — K’ (" 


x(itx+e2y) P J 
The first of these equations may be written 


(x+y)? K(x*+2xy+y)(1+x+2y)_ K 
1—(x+y)? P (x?-+ 2xy)(1+x+y) Pp 
also 

K (, y(2—24-+2°+ ary K 


= < 
1—-x?7 P (1—2?)(x+2y) Fr 


while the second may be written 


5a K" « 2yv--+axy+y Ps 


i—-y Pi-y2y+ayt2ytx “P* 


It follows that the numbers of both neutral and singly-ionized 
atoms are less than they would be if the second ionization did not 
occur—the draft upon the singly-ionized atoms being partly made 
up by fresh ionization of neutral ones; but the number of doubly- 
ionized atoms is less than it would be if the second ionization was 
the only one which occurred. 

Dividing the second of the equations (d by the first we find 


y(1 =3 —y) -* . (0) 
Now 
log a - “ee 
ae = 1 


and in all cases which have so far been investigated J’ —TJ is positive, 
and equal to at least five volts. 


t These equations differ from Saha’s (Proceedings of the Royal Society, A, 99, 143, 
1921) which contain x? and y? in the numerators; but the latter formula would appear 
to involve the inadvertent assumption that an atom can combine only with an electron 
previously liberated by another atom which happens to be in the same state of ioniza- 


tion. 
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Hence A’/K is usually a small quantity, and it is impossible for 
y and 1—x—y to be considerable at the same time; that is, there 
will not simultaneously be any noticeable proportion of atoms in all 
three states of ionization. When the temperature is high K’/K 
increases; but in this case x is small and the number of neutral 
atoms very small. 

At low temperatures we may set y=o, when the ordinary 
equation for single ionization is obtained; at high temperatures 
we may set x+y=1 and have 

set 


—y=y F* 
One or the other of these formulae will always give a good first 


approximation, provided that a third electron is not lost. 
In a mixed gas, containing other constituents, we will have 


xx _K. ye =6C«KY = 2a(x +29) (10) 
(1—x—y)(1+x) P > x(1+x) PP’ ya . 


Since the potential for the second ionization is always high, the 
presence of other elements will in general diminish its amount; but 
equation (9g) will hold in all cases. 
Instead of equation (6) we will have 
x  K 2%, y K’ x, 
1—x—y K,1—x, x K,1—%, 


(11) 


where x, is the percentage of ionization for any singly ionized 


element. 


2. THE ALKALIES AND ALKALINE EARTHS IN THE SUN-SPOT 
SPECTRUM 

Saha has shown! that sodium should be considerably ionized in 
the reversing layer, potassium almost completely, and rubidium 
and caesium entirely. As the familiar lines of these elements are 
absorbed by the neutral atoms only, the faintness of the lines of 
potassium in the solar spectrum and the absence of those of rubid- 
ium and caesium is immediately explained. At the lower tem- 
peratures which prevail in the spots he predicts that the lines of 


* Philosophical Magazine, 42, 812-815, 1920. 
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potassium should be strengthened, and that those of rubidium, 
should show faintly. 

Observations upon the behavior of sodium in sun-spots have 
been published by Adams‘ and the presence of lithium has been 
determined by King.2, The study of the other alkali metals, 
which have their lines principally in the red, has been made very 
easy by the publication of extensive and accurate tables of wave- 
lengths in the red and infra-red, both in the solar spectrum and in 
the arc,‘ and by the existence at Mount Wilson of an excellent 
series of plates of the spot spectrum, extending to \ 8200, taken by 
Mr. Brackett with the 150-foot tower telescope and 75-foot spectro- 
graph, in the first order, with nicol prism and compound quarter- 
wave plate. All the available lines of the alkali metals were 
examined on these plates (or on the photographic map of the spot 
spectrum for the wave-lengths less than 6600 A) and some additions 
to the data for sodium and lithium were made. 

The results, including those of the earlier observers, are given 
in Table I. In this table the first column gives the element and 
series designation of the line (after Sommerfeld). The leading pair 
of the principal series is denoted by 1s-2p, the next pair by 1s-3p, 
andsoon. ‘The corresponding pairs for the diffuse series are 2p—3d, 
2p-4d, and for the sharp series 2p—3s, etc. Lines lying too far in 
the infra-red to be observed, or too far in the ultra-violet to be 
observable in spots, are in general omitted, as are also the fainter 
members of a series when the stronger earlier members are invisible. 

The second column gives the wave-lengths found in the labora- 
tory by Datta or by Meggers (or, in one or two cases, by others); 
and the third, the wave-length of the corresponding solar line 
derived from Rowland’s tables, from Meggers, or from measure- 
ments made at Mount Wilson. All wave-lengths are given in 


* Mt. Wilson Contr., No. 40; Astrophysical Journal, 30, 108, 1909. 

2 Mt. Wilson Contr., No. 122; Astrophysical Journal, 44, 169, 1916. 

3W. F. Meggers, “Solar and Terrestrial Absorption in the Sun’s Spectrum from 
6500 A to gooo A,” Publications of the Allegheny Observatory, 6, 12-44, 1919. 

4W. F. Meggers, ““Wave-Length Measurements in Spectra from 5600A to 
9600 A,” Bulletin of the Bureau of Standards, 14, 371-397, 1916; S. Datta, ‘‘The 
Vacuum Arc Spectra of Sodium and Potassium,” Proceedings of the Royal Society, A, 
99, 69-78, 1921. 
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TABLE I 
LINES OF THE ALKALI METALS 
Wave-LEencTHS INTENSITY 
ELEMENT amen ‘or hie AUTHORITY Notes 
Arc Sun Sun Spot 
Lithium 
ee 6707.82 07.83 abs 5 King I 
ig ee a SS eee abs abs Russell 
ee ee a ee abs abs King 
Sodium 
errr 5805.94 05.94 20 60 Adams 
5889.97 89.97 30 90 Adams 
ap-3d......... 8194.82 04.84 2 7 Russell 
8183.30 83.27 3 10 Russell 
ee 5688.22 88.22 6 12 Adams 
5682.67 82.65 5 12 Adams 
eae 4982.86 82.82 2 4 Russell 2 
4978.61 78.56 ° I Russell 3 
oe er 4668 .60 68.57 1N 3 Russell 4 
a ee rine ere Russell 5 
gs ee 4497.72 97-73 abs ° Wilson 6 
I a ree abs abs Russell 7 
GD kioscncs 6160.72 60.75 3 8 Adams 
6154.21 54.23 2 9 Adams 
RS oii tical oe i ee abs abs Russell 8 
ee abs abs Russell 9 
oe ee 4751.89 51.83 00 2 Adams 
4748.02 47.98 000 ° Adams 
Potassium 
ere 7699.00 99.01 5 13 Russell 
7664.92 64.92 6 15 Russell 10 
RP cos scnen 4047.20 47.19 ooNd ° Russell 11 
4044.14 44.14 ° 2 Russell 
eee OR  Bekcccsevens abs abs Russell 12 
SME Beccececeses abs abs Russell 
Sc exnsnas eee abs abs Russell 
8 eee abs abs Russell 
ig eee a ae oe abs abs Russell 13 
POURED Fi ie icaswsns abs abs Russell 
ge eee CRS: Bpcascce suns abs abs Russell 
ee a abs abs Russell 
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TABLE I—Continued 
































Wave-LencrTus IN INTENSITY IN 
| 
ELEMENT | AUTHORITY NOTES 
Arc Sun Sun Spot 
Rubidium 
ee eee 7947.64 47.63 abs ° Russell 14 
7800. 29 00. 29 abs I Russell 
eee a «Sa ree abs abs Russell 
MIRE bs wesccnsass abs abs Russell 
re pn a re abs abs Russell 
A a abs abs Russell 
Caesium 
oe re 8943.46 | abs Unknow Nj........ oe 2S 
8521.12 | abs Unknown 
eS OS Gl a eee abs abs Russell 
a: ly eee ie | abs abs Russell 
| 
oe a Seen rere abs abs Russell |} 16 
ae eee | abs abs Russell | 








NOTES TO TABLE I 


rt. Much widened in the spot, and showing strong Zeeman effect. 

2. Rowland’s line 4982.994, for which he gives no origin. Identified by Datta 

Rowland 4978.732. Shows, like the last, a conspicuous Zeeman effect. Clearly separated from 
the iron line 4978.785 which is erroneously identified by Datta as the sodium line 

4. Rowland 4668.749. Shows Zeeman effect. Identified by Datta 

Masked by the chromium line 4664.965 (Rowland). 

6. A faint line, visible only in the spot, and showing conspicuous Zeeman effect. Measured by 
Wilson (unpublished) 4497.900 on Rowland’s scale. Datta identifies this with Rowland 4497 842, a 
titanium line which is clearly separated. 

Datta identifies this with Rowland 4494.356 (00) which is not strengthened in the spot, and is 
probably not the sodium line. No trace of the latter could be seen. The character of the foregoing 
lines, and their strong intensification in the spots, support their identification as sodium lines. It is 
very difficult to get these lines sharp in the laboratory, and Datta’s measures, though much superior to 
earlier ones, demanded long exposures 

8. Datta identifies as Rowland 5153.848 (000). This is a band line showing no Zeeman effect. 

Datta identifies as 51490.267 (000) Rowland C. This is very little strengthened in the spot and 
shows no Zeeman effect. No trace of the sodium lines could be found in this vicinity 

10. Practically coincident with a strong atmospheric line in the tail of the A band, but identified by 
Meggers by means of the sun’s rotation. The intensification of this line in the spot spectrum and the 
Zeeman efiect are conspicuous in spite of this blending, which has been allowed for in the estimates of 
intensity. 

Identification by Rowland and Datta confirmed. 

12. Wave-lengths from Saunders. These lines are abnormally faint in the arc spectrum. Datta 
identifies as Rowland 6965.320 (c00 N) which shows no Zeeman effect and 6926.290 (0000) which is 
invisible both in sun and spot on the Mount Wilson plates 

13. Identified by Datta as 5832.490 (000) and 5812.942 (0000). These lines are too faint to be 
visible on the Mount Wilson plates, either in sun or spot. 

14 Typical spot lines, diffuse and showing strong Zeeman effect, and greatly resembling the lithium 
line at ) 6708. Measured by the writer, the first on one plate, the second on two. Probable error of 
measurement about +o0.01 A. One of the Zeeman components of 7947.63 is clearly separated from the 
wee heric line at 7947.766 (Meggers). The other is blended with it. 

These lines, which are the first pair of the principal series, lie beyond the limits of the region so 
far BBs be at Mount Wilson, and attempts to secure plates showing the spot spectrum in this region 
have not yet been successful. They are not present in the solar spectrum (Meggers [he absence of the 
second pair of this series might have been anticipated. 

16. This relatively narrow pair is strong in the arc, but does not belong to the known series. There 
are no strong lines of the subordinate series of caesium in favorable positions for investigation. 
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International units and Rowland’s values have been reduced to 
this standard with the aid of a correction-curve which was kindly 
furnished by St. John. 

The fourth and fifth columns give the intensity of the lines in 
sun and spot. The values in the former are taken from Rowland or 
Meggers; the latter, for the lines previously observed, from Adams 
or King. For lines newly observed, estimates have been made on 
the original plates, as nearly as possible upon the same scale as 
that used by Rowland or Meggers. Cases in which a line is 
certainly invisible are denoted by “abs.’’ The sixth column gives 
the authority for the data concerning the spot spectrum (including 
measures of wave-length when the line does not appear in the 
spectrum of the photosphere), and the last provides references to 
the notes which follow. 

These results may be summarized as follows: 

Sodium is represented in the sun by the principal, diffuse, and 
sharp series, and all its lines are much strengthened in the spot 
spectrum. Some of Datta’s identifications of faint lines have been 
confirmed and others modified. The absence of the pair AA 5153, 
5149 in both sun and spot is remarkable, since the following and 
fainter pair of the series appears to be present. 

Potassium is represented by the principal series only. Its lines 
are greatly strengthened in the spots. Datta’s identifications of 
faint solar lines as belonging to the subordinate series of this element 
are not confirmed. 

Lithium shows in the spot spectrum alone, and only through 
the leading line of the principal series. 

Rubidium, previously undetected in the sun, is definitely proved 
to be present by the appearance of both members of the leading 
pair of the principal series in the spot spectrum. 

The corresponding lines of caesium lie far in the infra-red, and 
satisfactory photographs of the spot spectrum have not yet been 
obtained in this region. 

The alkaline earths (for which the ionization potentials are 
likewise known) are of special interest, because the fundamental 
members 1s-2p, of the series of enhanced lines, absorbed by the 
ionized atoms, lie within the accessibie portion of the solar spectrum 
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TABLE II 


LINES OF ALKALINE EARTHS IN SuN-SPOTS 





























INTENSITY IN 
ELEMENTS WavE-LENGTH NorTes 
Sun Spot 
Mg | 
or err re SESAME Fi cieexcewnes teweavevas oh CUE geneh 
LS ee 4571.11 5 7 I 
ee eee 5528.47 8 8 I 
0) er 4703.07 10 10 I 
ES ea 4351.94 5 I 
I sen ad tata eas va sated S912 .23 6 6 I 
NG be Rae sae eels 5183.62 30 30 I 
5172.68 20 22 I 
5167.33 15 17 I 
Sate cececenars 3838. 28 Be! Wee os cbs } 
3832.31 > a [eee 7 
3829.36 10 Seer rrr re 
Mg+ 
-9 > > 
PPI. Ceca elegance sre racine (bb ie alt canis 
</ TO seeeeveeereeoeetto eee eene } 
Ca 
og 4226.73 20 25 2 
| SR eer emer 6572.78 I 10 3 
oS eee 7326.10 2 5 4 
re 5188.85 3 4 4 
Oe 5512.98 4 5 4 
ae ee 4847.29 ° I 4 
ha hstelaa's 4 ooh Oe 4878.13 4 2 4 
IE 5: a s:cpivieesie-o-eae's 6717.19 5 8 4 
BPE se adr coiwweseasn 4556.61 2 4 2 
4555.55 3 5 : 
4554-77 5 7 2 , 
4535-97 4 ) 2 
4534-95 5 7 2 
| 4525.43 4 6 2 
WR foe chord wear tarcrsewr arene | 6162.18 15 25 2 
6122.22 10 20 2 
6102.72 9 20 2 
,) rrr aiwlea es 4585.92 4 6 4 
OE A er ree 
4551.41 4 6 4 
4575.57 3 0 4 
Ca+ 
DE sc ieicisnd we vice ey 3968.08 700 700 3 
3033.08 1000 1000 3 
ee 8662.42 oe Ee ewant 
8542.48 16 
5495.32 I2 
BPrm"'2S. oe vencccccccceccs 3730.92 = §| Brexoseee se 7 
3706.03 6 7 
Sr 
Sa ee 4607.35 I 3 4 
re 6892.36 abs abs 4 
og eee eee 7070.7 abs abs 4 
6878.8 abs abs 4 
6791.4 abs abs 4 
} 
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TABLE II—Continued 




















INTENSITY IN 
ELEMENTS WaAvE-LENGTH | l Notes 
| Sun | Spot 
| 
Sr 
I scciacine senate 4971.68 abs abs 4 
OU Se rere. era rrr 5 
4962.28 000 oo 4 
4876.06 abs abs 4 
4872.49 abs 000 4 
4852.06 abs abs 4 
Sr+ 
We iiascavenssesns 4215.50 8 8 2 
4977-73 5 5 
eee IOQI5.0 RGaVER ERO was Ga eee 
Serer ene” ror meneame Out of reach 
lh, COS ge Ox min Out of reach 
WP asicevnseussser 4305.44 (3) (5) 5 
, 4161.79 I rere) 2 
3a 
oiicexranenenatnsis 5535-53 abs abs 
CSE sss eceie:s'6's 7911.30 abs abs 4 
Ba+ 
POD con cicasensvexes 4934.07 7 7 4 
4554.04 8 10 4 
a ee Kiet 4166.01 ° ° 4 
4130.65 2 2 4 
3501.83 TTT TCL  Cerree  e 5 
PE i iinseraeaens 4599.97 (2) (2) 5 
4524.95 ° ° 4 
Zn 
ne re ee oe a re Ae See ems eye Out of reach 
COU ih cadenssedes 3075.90 ee Pere rre 7,8 
oie | ver 6362.35 I ° 9 
ge Oe eee 4810.54 3 ° 4 
722.16 3 ° 4 
4080.14 I [ele) 4 
2p-4d...... 3340.02 o ee 7 
3345.58 e saveckeesees 7 
3345.12 GS Beaeecswastune 7 
SS a ee er arn ee 5 
3303.59 5 . 6 06vese00eo% 7 
3252. 33 Jor etre ee eee ictbarkewke eae 5 








NOTES 
1. Adams, Mt. Wilson Contr., No. 40, p. 20; Astrophysical Journal, 30, 105, 1909. 
2. Adams, Mt. Wilson Contr., No. 22; Astrophysical Journal, 2'7, 45-55, 1908 
Adams, Mt. Wilson Contr., No. 40, p. 7; Astrophysical Journal, 30, 03, 1900 
4. From examination of the map of the sun-spot spectrum or of original plates for wave-lengths 
greater than 6600. Many of these lines have previously been studied at Mount Wilson, but they have 
been re-examined because the later plates are probably better 
Masked by other lines 
rhis line (according to the accurate measures of Schultz (Zeit. fiir Wiss. Phot., 11, 209, 1912) lies 
at 5535.755 on Rowland’s scale, and falls in a very confused region between the iron line 5535.644 (inten- 
sity 2) and the line 5535.778 (intensity o), for which Rowland gives no origin. Between these two there is 
t faint line which is confined to the spot, in which it is of intensity o and shows Zeeman effect. It was 
measured and found to be at 5535.703. There is also a faint band line close by showing no Zeeman effect, 
but nothing which can be identified as the barium line. It is either absent, or masked by 5535.778 
7. Too far to the violet to show changes in the spot spectrum 
8. Rowland’s line 3076.002, for which he gives no-origin. Kayser and Runge find 3075.99 in the 
irc; Exner and Hascheck, 3076.02 
9. But little weakened in the photographic map. Weakening confirmed on an original negative. 
Zeeman effect stronger over penumbra of spot than over umbra. May be blended with a band line. 
These are numerous in this region. 
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(except for magnesium) which is not known to be the case for any 
other elements. They are also noteworthy for possessing two 
radiation potentials, corresponding to the shift of an electron from 
its normal position in the neutral atom to the position corresponding 
to the limits of the subordinate series of single lines and of triplets. 

These lines afford the most delicate tests for the presence of the 
‘onized or neutral atoms of these elements. Their behavior in 
spots is indicated in Table II. Various other lines of these elements 
and the observable lines of zinc are included. 

This table exhibits the well-known fact that the strongest lines 
of the alkaline earths (except magnesium) are enhanced lines. 

The series of calcium and magnesium, both of triplets and of 
single lines, are conspicuous in the solar spectrum, and only some 
of the more prominent lines are given in the table. The calcium 
lines are considerably strengthened in the spot spectrum; those of 
magnesium are not, with one exception. 

In the case of strontium, only the strongest lines of the neutral 
atom appear in the sun; these are very faint, but are intensified 
in spots, while not one of the strong low-temperature lines of barium 
appears either in the sun or the spots. This has been confirmed 
by examining a number of those which did not belong to known 
series and are therefore not given in the table. 


3. APPLICATION OF THE THEORY OF IONIZATION 


TO THESE DATA 


The ionization potentials of a number of elements of astro- 
physical importance are as follows: 


Volts Volts Volts 
ae CI Sscincwe Me. Be ics wecicces 9.86 
Rubidium........ 4.16 Strontium...... - 2 Serr 10.70 
Potassium........ 4.92 Colegem........ CO8 CEO i. ccnsaccre 48 
athe wie wigan 5.11 Magnesium..... a ee 15.02 
a | | ne So 18.20 
Hydrogen........ 3.54 Hellum......... RS Be siascens BBS 


The last column gives the potentials corresponding to the 
additional energy required to remove a second electron after the 
first is already gone. 
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We may now proceed to calculate the percentages of the atoms 
of various elements which are neutral, singly-ionized, and doubly- 
ionized, in a gaseous mixture at the temperature of the reversing 
layer and of a sun-spot—which we will take in round numbers as 
6000° and 4000° respectively—and at various pressures. 

Since the pressure in the solar atmosphere is unknown within 
very wide limits (except that it is probably small) we may save 
trouble by computing for assigned values of the “‘effective pressure”’ 
P,, for sodium, using equations (2) and (7). The difference between 
the effective pressure and the true pressure will be much less than 
the range of uncertainty of the latter. We may then find the per- 
' centages of ionization of other elements by (5) or (11). 

The results are given in Table III. Neutral atoms are denoted 
as usual by Ca; singly-ionized, by Ca+; and doubly-ionized, by 
Ca++ (taking calcium as an example). The percentage of atoms 
in the highest stage of ionization for each element is not given, except 
for hydrogen, since it can easily be found by subtracting the sum 
of the others from 1oo, and also because atoms of the elements 
given in the table, when in these states, absorb no known lines in 
the visible spectrum. 

It should be remembered that the equations from which these 
tables have been calculated are based upon certain assumptions, 
as yet unverified, namely, that the chemical constant for the electron 
may be derived by an extrapolation of the Sackur-Tetrode relation 
(which gives this constant as a function of the atomic weight of an 
element) to the electron, considered as having an atomic weight of 
0.00055, and also that the chemical constant is the same for 
the neutral and ionized atoms of any element.’ An error in 
the former assumption could be corrected by multiplying all the 
tabular pressures by a constant factor; one in the second, by 
multiplying the pressure for each element by an appropriate factor 
before entering the table. 

What is more important, the tabular numbers depend on the 
assumption that temperature alone is effective in producing ioniza- 
tion. This is certainly not the case in the solar atmosphere, where 
the absorption of radiation, though it does not completely ionize 
the absorbing atoms, must undoubtedly get them into a state in 





*See Saha, Philosophical Magazine, 40, 479, 1920. 
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which ionization by some other stimulus becomes easier. This 
should operate to increase the ionization in the reversing layer to 
a considerable degree. 

TABLE III 


PERCENTAGES OF NEUTRAL AND IONIZED ATOMS 





P 1x ATMOSPHERES 


















































ELEMENT r ‘o— so—* so—8 . ‘ ' a 
Reversing Layer—Temperature 60 dl 
| | 2s eee 

oe 22.6 6.1 0.87 | 0.09 | 0o.Oo1 0.001 | 0.000! 

ae 37.2 | 12.3 1.7 | 0.18 | 0.02 0.002 0.0002 

ess 44.7 14.8 | 2.2 0.19 0.02 | 0.002 ©.0002 

Na. 70.3 44.4 | 9.6 | ‘2 | o.mr | >.O11 0.OOII ’ 

ae 86.1 57.0 15 } 1-90 | 0.19 | 0.019 0.002 

_ ee 79.1 45.0 9.7 rt | ©.f0 | 6,005 0.0001 

Ba+.. 10.9 55.0 | 90.2 | 98.0 | o1.3 48.3 9.6 

BR fara O1.7 70.2 | 23.8 2.2 0.3 0.02 ©.OOI 

Sr+... 8.3 20.5 70.2 | 90.4 97.9 84.6 a5 8 j 

ae 96.1 84.0 41.0 | 6.8 o.7 0.07 0.007 

Ca+.. 3.9 16.0 | g9.0 | 03.2 | 990.1 98.0 82.6 

ae 99.8 99.1 : @3.< 60.4 13.2 rs 0.15 

Mg-+-.... 0.2 0.9 6.5 | 29.6 | 86.8 | 98.5 99.8 

ae 99.99 | 99.90 | 99.7 90.9 75.0 * 2.2 

Zn+.... 0.01 0.04 8 f 84 24.4 76.3 96.9 

H+.....| 2X10 | 1X10°5 | 8X10 | 8X10-4 0.008 0.08 °. 76 

Sun-Spot—Temperature 4000° C. 

a 54-9 27.0 9-3 | 2.2 0.30 | 0.032 | 0.003 i 

ae 77.0 50.0 21.9 5.7 0.83 0.089 | 0.009 

Se 84.2 61.5 30.9 8.8 E.3 0.14 | 0.014 

pets a 98.1 04.1 Sr.s 48.9 II.6 i.37 | ©.%% 

| 99.2 97.1 90.3 66.9 21.8 2.95 0.29 

eer 98.2 04.1 81.8 49.5 11.8 1.42 0.14 

Ba+.... 1.8 5.9 18.2 50.5 88.2 | 98.58 99.86 

ee 99.63 98.76 95.8 82.9 40.0 | 6.6 | 0.72 

ee 0.37 1.24 4.2 + 60.0 03.4 | 99. 28 

> ae 99.89 99.62 98.7 94.1 68.5 18.7 2.3 

3 eee o.1I 0.38 1.3 5.9 31.5 71.3. | 97-7 

ae 99.999 99.996 99.975 909.93 99.52 | 95 6 | 69.0 : 

Mg--.... 0.001 ©.004 0.025 0.07 0.48 4.4 31.0 

osews 100.00 | 100.00 | 100.00 | 100.00 99.995 | 99.95 | 99.51 

Zn+....|1.3X10°5 |4.3X10°5|1.6X104/7.2X 104} 0.005 | 0.05 | 0.49 
o*|1.8X107|1.8X10° 


17 
H.+..../4.7X10 ul1.OX 10 5-7 X10 2.6 X10 |r.9X1 
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In applying these results to the interpretation of the spot 
spectrum, it is probably safe to work on the assumption that the 
t The existence of such an effect for iodine has been experimentally proved by 


Smythe and Compton (Physical Review, 16, 501, 1920). Its importance in the solar 
atmosphere was suggested to the writer, in conversation, by Dr. Lindblad. 
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more abundant elements in the solar atmosphere are present in 
amounts much greater than is necessary to produce strong lines 
and that, for the principal lines of these elements (at least) the 
absorption is substantially ‘‘saturated”’ so that a considerable 
change in the amount of element would produce little change in 
these lines, except in the strength of the wings. It is also important 
to remember that, according to modern theory, the atoms of a 
given element, in their normal state. are ready to absorb certain 
fundamental lines (those of the principal series, denoted by 1s-2p, 
etc., above) while, in order that they may absorb other lines (such 
as those of the subordinate series) they must first have absorbed 
energy enough to shift the electrons within them to some other 
definite state, less stable than the normal one. Saha, who has 
discussed this matter in detail, states that the relative numbers of 
atoms which are in condition to absorb lines of these various groups 
probably depend upon the temperature alone—high temperature 
favoring the absorption of the subordinate lines. It is obvious 
that “high”? temperature must here be a relative term, the scale 
for any element being roughly proportional to the temperature at 
which ionization becomes large 

The main features of the behavior of the lines of the alkali 
metals in spots, as Saha has shown, may be accounted for by the 
relative ease of ionization, sodium being considerably ionized, 
potassium still more, and rubidium completely so, except in spots. 
But the fact that lithium, like rubidium, appears only in the spots, 
cannot be explained on the basis of ionization potentials alone, for 
it is harder to ionize than sodium, and the percentage of neutral 
atoms should be greater. 

A solution may be found in the probable difference in the 
relative abundance of the elements. Sodium and potassium are 
among the most abundant of terrestrial metals, being present in 
the earth’s crust in nearly equal amount (each about 2 per cent of 
the whole). Lithium is relatively rare on the earth, and, if the 
proportion present in the solar atmosphere is sufficiently small, it 
may well be that the number of neutral atoms which remain is 
insufficient to produce perceptible absorption lines, except in the 
spots, where the ionization is less. Among the far more numerous 
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sodium atoms the number which escape ionization, though a smaller 
percentage of the whole, is so great that there are enough of them 
in a condition to absorb the subordinate series fairly strongly, and 
the principal series heavily. In potassium the percentage of neutral 
atoms is much less, and only the lines of the principal series appear, 
with moderate intensity, but much strengthened in the spots. 

It remains somewhat puzzling, however, why rubidium, which is 
much easier to ionize than lithium, should show nearly the same 
behavior in the spot spectrum. According to Table III the percent- 
age of neutral rubidium atoms should be less than one-tenth as great 
as in the case of lithium. The increase in this pereentage in spots 
is great enough for both elements to account for the appearance of 
their lines there, and not on the disk, provided that we assume that 
the pressure in the region where the lines are absorbed is 0.01 
atmospheres or less (which seems reasonable). But it is hard to see 
why the rubidium lines should appear at all, unless it is considerably 
more abundant in the sun than lithium is, which does not at all 
seem to be the situation on the earth. 

Passing to the alkaline earths we find improved opportunities. 
While the ionized atoms of the alkali metals give no recognized 
lines in the visible spectrum, those of calcium and its congeners 
are unique in that the fundamental lines of the ionized atom lie 
within the region accessible to astrophysics. The great importance 
of these lines (H and K of calcium and AA 4078, 4215 of strontium) 
is thus explained. They enable us to detect the ionization of these 
easily ionized atoms as soon as it occurs. The ionized atom of 
calcium is at once capable of absorbing the H and K lines. 

From Table III it appears that, under the pressures which 
probably prevail in the reversing layer, the greater part of the 
calcium is in the singly-ionized condition. 

H and K, therefore, are the lines which the atoms of one of the 
most abundant constituents of the solar atmosphere absorb most 
powerfully, when in that state in which under solar conditions 
they are most likely tooccur. There are no other lines in the visible 
spectrum, so far as known, for which these three maximal conditions 
are all satisfied. 
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It is not surprising, therefore, that they are exceptionally 
conspicuous, and that few other lines play so important a part 
throughout almost the whole of the sequence of stellar spectra. 
A great deal of the calcium must be ionized, even in the spots, and 
this, coupled with the fact that the absorption in the H and K lines 
is probably far more than saturated, makes it easy to understand 
why these lines are not perceptibly weakened in the spots. The 
same remark applies, with even greater force, to the corresponding 
enhanced lines of strontium and barium. 

Magnesium should also be considerably ionized in the reversing 
layer; but the only line by which we can detect the presence of 
ionized magnesium (A 4481) is absorbed only by atoms which have 
undergone two internal changes subsequent to ionization, corre- 
sponding to the shifting of an electron from its normal position to 
the states denoted symbolically by 2p and 3d, and demanding the 
absorption of large amounts of energy. The temperature of the 
reversing layer, compared with that at which a considerable percent- 
age of these Mg+ atoms would lose a second electron, is undoubtedly 
low. Hence very few such atoms indeed should be in a state to 
absorb \ 4481, and it is not surprising that it is excessively faint in 
the solar spectrum, if it appears at all, or that it becomes conspic- 
uous only in the hotter stars. 

If the earth’s atmosphere transmitted light of short enough 
wave-length, we would probably find that the fundamental pair of 
enhanced magnesium lines near \ 2800 were rivals of H and K in 
intensity and astrophysical importance. 

The very strong infra-red lines of calcium at AA 8498, 8542, 8662, 
belong to the diffuse series and represent a stage of excitation 
intermediate between H and K and \ 4481. King" has found that 
they cannot be produced in the furnace, at temperatures at which 
H and K appear strongly. It may safely be predicted that they are 
weakened in the spot spectrum, and the matter will be investigated 
when suitable photographs can be obtained. The corresponding 
group for strontium is hopelessly far in the infra-red; but the leading 


t Mt. Wilson Contr., No. 150; Astrophysical Journal, 48, 13, 1918. 
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pair of the sharp series of enhanced lines is accessible. One line is 
concealed by a blend; the other is greatly weakened in spots. 

For barium, which is easier to ionize a second time, the enhanced 
lines of the diffuse series are not perceptibly weakened in spots. 

The behavior of the lines due to the neutral atoms is also in 
accordance with this theory. Beginning with zinc, which has the 
highest ionization potential, we find that the prominent triplet in 
the blue is greatly weakened in spots, and the line in the red is also 
weakened, though to a less degree. These lines belong to the sharp 
series of triplets and the diffuse series of single lines, both of which 
are absorbed by atoms in which the electron has been shifted one 
step from its normal position (to 2p or 2P). Measured by a scale 
appropriate to the zinc atom, the temperature of the photosphere 
must be low and that of the spots very low; hence the weakening 
of these subordinate lines is just what should be expected. 

It is of interest to note that the lines of hydrogen, which also 
belong to a subordinate series and to an element for which the 
ionization potential is high, are much weakened in the spot 
spectrum." 

The lines of magnesium are very little affected in spots. In 
this case the effects of higher excitation and greater ionization at 
the higher temperature of the reversing layer appear very nearly 
to balance one another except in the case of \ 4571, which is a 
characteristic low-temperature line, and is the easiest of all magne- 
sium lines to excite in the laboratory.? This line, as might be 
expected, is strengthened in the spots, but only to a moderate 
degree. 

For calcium, all the important lines of the neutral atom are 
strengthened in spots, indicating that the controlling factor is the 
diminution of ionization at the lower temperature, which increases 
the number of neutral atoms. Where allowance is made for the 
general increase toward the red of the degree to which lines are 
affected in spots, it appears that the strengthening is greatest for 
the lines absorbed by atoms in which the electron is in the normal 
state, 1S; less for those of the subordinate series, in which the 

t Adams, Mt. Wilson Contr., No. 40, p. 10; Astrophysical Journal, 30, 95, 1909. 

2 Foote and Mohler, Philosophical Magazine, 37, 40, 1919. 
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electron starts from the state 2P (for single lines) or 2p (for triplets) ; 
and least of all for those of the Bergmann or combination series in 
which it starts from 3D or 3d. According to Saha! the ratio of the 
number of atoms which are in any one of these states to the number 
which are in the preceding stage should increase with the tempera- 
ture. Hence the effect of the diminished number of neutral atoms 
in the hotter regions is almost neutralized for the lines of the “‘outer’’ 
series (3D-4F and 3D-2P) and increased for the fundamental 
lines (1S-2P), and 1S-2p.?_ The first of these, \ 4227, is so far 
to the violet that the effect in spots is not conspicuous, though 
great for a line in this region. This is very prominent in the cooler 
stars. The second, \ 6573, is one of the most remarkable of all 
sun-spot lines. It is an exact analogue of \ 4571 of magnesium, 
which likewise shows the greatest strengthening of any line of the 
element to which it belongs. 

For strontium, the ionization is still greater, and the amount of 
the element present in the solar atmosphere probably much less, 
if we may judge by the earth’s crust, in which strontium and barium 
are much rarer than calcium and magnesium. It is not surprising, 
therefore, that only the strongest lines of the neutral atom appear 
in the solar spectrum, or that these should be strengthened in the 
spots, especially the fundamental line \ 4607. 6892, which is 
analogous to \ 6573 of calcium, is absent even in the spot spectrum. 

The probable reason for this is that the temperature, even in 
the spots, is high on the scale which it is necessary to use for the 
neutral strontium atom, and that, under this high excitation, the 
proportion of atoms in which the electron undergoes the correspond- 
ing change is small. 

For barium the final stage appears to have been reached. The 
lines of the neutral atom do not appear at all either in the spectrum 
of the sun or of the spots. Even the fundamental line 1S-2P 
(X 5535) is gone. This can be explained only on the assumption 
that barium is completely ionized in the sun, leaving not a trace of 
the neutral atoms, for the element is abundant enough, as is shown 
by the strength of its enhanced lines. 


t Proceedings of the Royal Society, A, 99, 142, 1921. 








140 HENRY NORRIS RUSSELL 


From the qualitative standpoint this explanation is quite 
satisfactory, but a quantitative study brings out difficulties. The 
ionization potentials for sodium and barium, as determined from 
their spectral series, should be practically identical. Hence, by 
the theory developed above, the atoms of both should be ionized 
to the same degree. But the direct spectroscopic evidence indicates 
that barium is ionized to a much greater extent than sodium. 
The absence of the flame lines even in spots, and the fact that the 
enhanced lines of the diffuse series are not sensibly weakened, 
would indicate a decidedly lower ionization potential both for 
Ba and Ba+. 

A similar discrepancy, though less marked, exists in the case of 
strontium. 

As the theory of the subject is still in an early stage of develop- 
ment, these facts may be taken as the results of an experiment 
performed by nature upon a grand scale, which may be used in 
improving our theories; but speculation as to the exact form of 
this improvement would at present be premature. 


4. GENERAL COMMENTS 

The data detailed above cover all the cases in which elements, 
for which the ionization potentials and spectral series are known, 
possess lines of any notable strength within the region in which the 
sun-spot spectrum can be satisfactorily investigated. It is evident 
that they are all in striking agreement with Dr. Saha’s theory of 
ionization and that they confirm it in a very conclusive fashion, 
both in the matters in regard to which he has made predictions, 
and in various others which are here discussed for the first time. 

There are many other elements whose lines show conspicuous 
changes in the spots; but no data are at present available regarding 
the ionization potentials. Most of these elements have spectra 
rich in lines, for which the series relations are known very incom- 
pletely or not at all. 

The behavior of these lines in the spot spectrum,’ coupled with 
that in the furnace, arc, and spark, makes it possible to arrange 
them in a decidedly definite order. 


t Adams, Mt. Wilson Contr., No. 40, pp. 6-26; Astrophysical Journal, 30, 91-111, 
1909. 
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A few of the elements already discussed are added for com- 
parison. Lines which are relatively strong at the lowest tempera- 
tures (King’s Class I) are called flame lines for brevity. 

Calcium.—All lines strong in sun. Flame lines much strength- 
ened in spots. Arc lines considerably strengthened in spots. 
Enhanced lines produced at medium temperature in furnace,’ very 
strong in arc, and not weakened in spots. 

Scandium.'—F lame lines very faint or absent in sun, greatly 
strengthened in spots. Arc lines faint in sun, much strengthened 
in spots. Enhanced lines produced in furnace at high temperature, 
strong in arc, and slightly weakened in spots. 

Titanium? and Vanadiums—These elements behave in a very 
similar fashion, both in the laboratory and in sun-spots. The 
furnace lines are greatly strengthened in spots and the arc lines 
strengthened. Practically all the arc lines may be obtained in 
the furnace. The enhanced lines can be obtained in the furnace 
only with great difficulty, and are weakened in spots. 

Iron,4 manganese,> and chromium’.—These again are similar 
in their behavior. The flame lines are strengthened in the spot 
spectrum, the arc lines little affected, and the enhanced lines much 
weakened. Many arc lines are very hard to produce in the furnace, 
and the enhanced lines cannot be produced there at all, and are 
faint in the arc. The percentage of lines which are strengthened 
in the spot spectrum is greater for chromium than for manganese 
and still smaller in the case of iron. 

Cobalt and nickel.-—The number of lines weakened in spots is 
nearly as great as that of the strengthened lines in the case of cobalt, 
and much greater for nickel. The number of arc lines which cannot 
be obtained in the furnace is greater for nickel than for cobalt. 


* King, Mt. Wilson Contr., No. 214; Astrophysical Journal, 54, 28, 1921. 
2 King, Mt. Wilson Contr., No. 76; Astrophysical Journal, 39, 139, 1914. 

3 King, Mt. Wilson Contr., No. 94; Astrophysical Journal, 41, 86, 1915. 
4 King, Mt. Wilson Contr., No. 66; Astrophysical Journal, 37, 239, 1913. 
5 King, Mt. Wilson Contr., No. 198; Astrophysical Journal, 53, 133, 1921. 
6 King, Mt. Wilson Contr., No. 108; Astrophysical Journal, 42, 344, 1915. 
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A number of cobalt lines and one nickel line described by Lockyer 
as enhanced appear in the furnace, but King gives good reason 
for supposing that these are not enhanced lines of the regular 
type. 

Copper reveals itself in the sun by the first pair of the principal 
series, AX 3274, 3247, which are produced when mere traces of the 
metal are present. They are recorded as of intensity 10 by Row- 
land, yet no trace of the lines of the subordinate series appears; 
although AX 5782, 5700 are furnace lines.'. The limit of the princi- 
pal series, 1605 A,’ corresponds to an ionization potential of 7.7 
volts. 

For zinc, as has already been noted, the arc lines are fairly strong 
in the sun, but greatly weakened in the spots. Finally, at the end 
of the series, come silicon, for which all the solar lines are greatly 
weakened in spots, and oxygen. The triplet of the latter in the 
extreme red, \\ 7772-7775, is faintly present in the arc, stronger in 
the spark, and, though fairly strong in the sun, is completely 
obliterated in the spot spectrum.’ Yet the series relations of these 
lines, which belong to a combination series 2s—mp, show conclusively 
that they are produced by the neutral atom. 

Part of the effect observed in the spots, however, is probably 
due to the formation of titanium oxide, which must diminish 
considerably the amount of free oxygen in the solar atmosphere. 

The foregoing list shows a definite sequence in the behavior of 
the elements, alike in furnace, arc, and sun-spots, which suggests 
strongly that we have to do with a series in which the ionization 
potential steadily increases (except perhaps in the case of copper, 
for which the data are very meager). It cannot be a matter of 
chance that the list, from calcium, and, indeed, from potassium 
to zinc in order of increasing difficulty of spectroscopic excitation, 
is a complete list of the intervening elements in the order of their 
atomic numbers. It appears highly probable that in this region 
at least the ionization potential increases with the interval in the 
periodic table which separates the element from the preceding 

1 King, Astrophysical Journal, 21, 250, 1904. 

2 Konen, Das Leuchten der Gase (Braunschweig, 1913), p. 146. 


3 Merrill, Mt. Wilson Contr., No. 183, p. 7; Astrophysical Journal, 51, 247, 1920, 
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noble gas. Whether this relation holds good more generally 
cannot be known until further data become available, but it is 
of interest to note that silicon and oxygen, which are evidently 
decidedly hard to ionize, fit in very well, since, in the known cases, 
the ionization potential falls steadily for corresponding elements in 
each successive period of the periodic table. 

The behavior in the spot spectrum of most of the elements in 
this list is intermediate between that of calcium and that of zinc. 
It may therefore be surmised that the ionization potentials for 
these metals lie between six and nine volts, as Saha has suggested" 
without specifying his reasons. 

One further comment may be made on the foregoing. It is 
evident that the enhanced lines of an easily ionized element, such 
as barium or calcium, may be produced with a weaker excitation 
than the arc lines of an element of difficult ionization, such as zinc 
or silicon; the intervening elements present all degrees intermediate 
between these extremes. The mere fact that an enhanced line 
appears in a given spectrum is therefore not a proof that the 
temperature, for example, is high on an absolute scale, but only 
that it is high relative to the scale appropriate for the element in 
question. It would probably be fairly safe to assume that temper- 
atures proportional to the various ionization potentials produce 
similar effects upon different atoms, but further knowledge is 
necessary before we can be sure of this. 

The principles of the ionization theory will evidently be of great 
importance throughout the whole field of astrophysics, and Dr. 
Saha? has made an application of the highest interest to the question 
of the physical meaning of the sequence of stellar spectra. The 
writer hopes to present a discussion of many features of this problem 
at some time in the not distant future. 

The possibilities of the new method appear to be very great. 
To utilize it fully, years of work will be required to study the 
behavior of the elements mentioned above and of others, in the 
stars, in laboratory spectra, and by the direct measurement of 

Philosophical Magazine, 40, 822, 1920. 


2 Proceedings of the Royal Society, A, 99, 135, 1921. 





144 HENRY NORRIS RUSSELL 
ionization, but the prospect of increase of our knowledge, both of 
atoms and of stars, as a result of such researches, makes it urgently 
desirable that they should be carried out. 


Mount WILSON OBSERVATORY 
August 1, 1921 


Note.—An admirable summary of the theory of ionization by Mr. E, A. Milne, 
in the Observatory for September (44, 261, 1921), has appeared since the completion of 
the foregoing discussion. He points out the influence of the free electrons resulting 


from the dissociation of easily ionized atoms in diminishing the ionization of other 
atoms, and gives the correct equation for second-stage ionization. 
present paper was prepared independently and carries the analysis somewhat further, 
so that it appears sufficient to call attention here to Mr. Milne’s prior publication. 
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